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In recent decades, the interest has increased in the use of magneto-electric (ME) 
composites for various applications in magnetic energy harvesting and magnetic field sensing. 
This dissertation investigates two approaches to achieve giant ME effect in piezoelectric based 
ME composites, and investigate its applications in (i) magnetic energy harvesting; (ii) weak 
magnetic field sensing and positioning. One general approach through the entire dissertation is 
to theoretically analyse the piezoelectric based ME composite system, optimization of the 
structure and to develop fabrication and measurement for the energy harvesting and sensing 
applications. 
Two approaches to achieve a giant ME effect will be discussed in this dissertation: (i) 
giant ME effect achieved by mechanically coupling the magnetostriction and ferromagnetic 
effect using a 2-2 laminated cantilever structure; (ii) giant ME effect in the ME composite by 
using the outstanding piezoelectric (PE) property from the PE phase in the composite. 
The piezoelectric based ME composite makes it a good candidate for magnetic energy 
harvesting and magnetic signal sensing. However, many ME composites can only produce a 
limited ME coupling effect, due to lack of effective coupling between alternating current (AC) 
magnetic field and output electricity. This dissertation studies the achievement of giant ME 
coupling effect in the ME composite and its application in magnetic energy harvesting and 
sensing. 
The AC magnetic field is widely used in applications such as transformers or 
substations. Compared with other structures of ME composite based magnetic energy harvester, 
the cantilever structure ME composite shows the capability to acquire a strong resonance 
vibration under low frequency (< 100 Hz), which makes it a good candidate to convert the 





optimization of the ME cantilever. The ME coupling performance and operating characteristics, 
i.e. the frequency response, the stress distribution in the cantilever and magnetic flux 
distribution are evaluated by using finite element analysis to ensure the proposed device can 
reach its maximum efficiency at 50 Hz.  
The magnetic field around a transformer or substation is very weak (10 Oe or less), the 
traditional method based on Faraday’s law shows less efficiency to harvest the small scale of 
energy in those environments. Hence, the ME cantilever needs to achieve a large ME coupling 
performance at an environment with <10 Oe, 50 Hz magnetic field. Also, the prototype needs 
to have the capability to output a sufficient power for real applications. The preliminary 
measurements show a clear ME response to a uniform magnetic field as weak as < 2 Oe over 
a frequency range from 30 Hz to 70 Hz. The prototype reaches its’ resonance frequency at ~50 
Hz with a giant ME coupling coefficient αME ~ 200 V/cm·Oe (1 MΩ load). Further, the 
prototype shows a capability to turn on an LEDs array and wireless sensor. Those results 
demonstrate its potential application as a power generator to harvest energy from wasted 
magnetic field. An experimental study of a non-linear ME cantilever was conducted to 
investigate the operational bandwidth and output properties under different resistance load 
conditions. 
In addition to magnetic energy harvesting, a magnetic sensor based on ME composite 
has been studied for application in magnet target sensing and positioning. Traditionally, 
longitudinal poled transverse operating (L-T mode) composite, and thickness shear mode 
composite are very popular in many magnetic sensors, because of their high sensitivity and 
effective response to a wide magnetic field amplitude range. We proposed 36-face shear mode 
in a [011] poled Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT) single crystal, due to its large 
piezoelectric coefficient (d36 ~1700 pC/N), and high mechanical quality factor (Qm ≥ ~ 120). 





potential for giant ME coupling effect, low equivalent magnetic noise density (EMND) and 
high sensitivity. In this dissertation, we systematically study the ME coupling performance of 
a 36-face shear mode sandwiched Metglas/PMN-PT/Metglas ME composite to an AC/DC 
magnetic field. A giant ME coupling coefficient ~1600V/cm·Oe was acquired at its resonance 
frequency, with the EMND is as low as 0.1 pT/Hz1/2. The strong coupling between the magnetic 
field and piezoelectric effect allows the composite to sense an ultra-weak magnetic field as low 
as 2 pT (AC) and 0.2 nT (DC). The demonstration of the high sensitivity magnetic field sensor 
suggests a promising application, such as in biomagnetic measurements. Last but not the least, 
impedance changes due the magnetic field has been studied. The DC magnetic field led 
impedance change in the 36-face shear multi-ferroic composite suggests a new method for 
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μr/μ0 – Relative permeability (μ0 is the permeability of space which is defined as 1




Chapter 1  
Introduction 
1.1 Background 
Magnetic field signals exist widely in the environment. These magnetic field signals 
can range widely in intensity and frequency. Traditionally, Hall Effect based devices such as 
magnetometers, are used to calibrate those signals. Since last century, some ME composites 
have been used to convert those magnetic signals into electric signal via the magneto-electric 
(ME) effect [1]. The ME composite can be a good candidate for use in applications where there 
is a surrounding magnetic field.  
In an ME composite, there two ME effects: direct effect and converse effect. In direct 
effect, the ME composite can convert the magnetic field into electricity directly. On the other 
hand, in converse effect, the ME composite can generate magnetization under an electric field. 
Thus, based on the direct ME effect, a ME composite can be used as a sensor [2,3] or energy 
harvester [4]. While based on it converse effect, an ME composite can also be used as an 
electric device e.g. phase shifter [5,6]. In this dissertation, I will focus on the giant direct ME 
effect in the ME composites and two typical applications of the giant direct ME effect: wasted 
magnetic energy harvesting and magnetic field sensing. 
The energy harvesting technologies aim to convert ambient energy to electrical energy. 
Unlike power generation in a power station, energy harvesting technology focuses on 
converting energy from those energy sources such as solar, wind and wasted magnetic energies.  
As it is well known, a weak magnetic field exists in almost every current carrier. To harvest 
the wasted magnetic energy, traditional methods based on Faraday’s law utilize an electrical 
conductor encircling a varying magnetic flux. However, a weak varying magnetic flux is very 




difficult to be picked up by the electric conducting coil [7,8]. Thus, traditional methods have 
low efficiency in harvesting wasted magnetic energy. An ME composite which using a 
laminate structure, consisting of a mechanically coupled magnetostrictive component and a 
piezoelectric component, can convert the weak magnetic flux into strong stress/strain via 
magnetostriction, then the piezoelectric component can convert the stress/strain to electricity 
via the piezoelectric effect. Compared to the traditional method, the ME composite has the 
advantage of sensitivity to the small variation in magnetic flux, and the large electrical 
impedance of the piezoelectric component can minimise the internal loss. Thus, it is believed 
to be a good candidate to harvest weak and wasted magnetic energy.  
To date, some fundamental problems in the application of ME composite for energy 
harvesting are: 
(1) Low power output. The ME composite can usually give a very high voltage output 
under a weak magnetic field. However, the output power may not meet the 
requirement for a low-power consumption device [9-12]. Table 1.1 lists the basic 
power requirement of low power consumption sensors and their power requirement. 
This suggests a further study for a self-maintained self-powered system utilising the 
ME composite as power generator. 
Table 1.1 Parameters of some low-power consumption device. 
Sensor Type  Power Reference 
Blue-tooth wireless sensor 15 mW [13] 
Sound sensor  3 mW [14] 
Pressure sensor  8.3 μW [15] 




Temperature sensor  150 μW [12] 
(2) Frequency matching. The ME coupling performance can be significantly enhanced 
when the ME composite is operating at its mechanical resonant frequency. The 
resonant frequency of the ME composite is determined by its frequency constant, 
as a result, the resonant frequency may not match the frequency of the external 
magnetic field. The mismatching in frequency can lead to a low ME coupling 
performance. 
On the other hand, magnetic sensors have found a variety of applications in the 
aerospace, automotive, consumer electronics and industrial areas [16,17]. The global magnetic 
sensor market size was 2 billion USD in 2018, while the demand was estimated at ~3.4 billion 
USD that year. The market is expecting a growth of 6.8% from 2019 to 2025, due to the boost 
in market growth in various industries, backed by significant technological advancement in 
sensing techniques [18]. In 2016, the Hall Effect device dominated ~70% of worldwide 
magnetic sensor revenue, due to its low cost, mass production quantity and physical volume. 
A magnetic sensor with the sensitivity range of ≥ 10 Gauss held the major share of the magnetic 
sensor market. Low temperature and high temperature superconducting quantum interface 
devices (SQUID) share some of the market due to their ultra-high sensitivity and the demand 
in medical applications [19]. But the high average costs of purchase and maintenance limit 
their usage [20]. 
However, the future magnetic sensors are expected to have a high sensitivity, and cover 
an extensive range of applications with low cost and low power consumption. The sensitivity 
spectrum in Figure 1.2, shows the ME composite based magnetic sensor can provide a much 
higher sensitivity than most of other techniques such as the Hall Effect device and magnetic 




impedance (MI) sensor [2,21-23]. The ME composite based magnetic sensor is a prime 
candidate to meet the demand of the market, due to its low cost, and low power requirements. 
 
Figure 1.1 Global magnetic sensor market share by end-use [17].  
 
  
Global magnetic sensor industry size, by end-use, 2018 (USD Million)
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Figure 1.2 Sensitivity spectrum comparison between different techniques [16,24,25].  
 
1.2 Motivation 
The motivations for this dissertation are: 
Firstly, the bulk ME composite is the most promising candidate for application due to 
its giant ME effect, and stable output. In existing works on ME composite magnetic energy 
harvester, the giant ME effect is the contribution of magnetic torque or the magnetostriction. 
The combination of magnetic torque and magnetostriction in one single cantilever and 
enhancement in ME effect need to be further studied.  
Secondly, 36-face shear vibration mode in the piezoelectric material has exhibited an 
outstanding piezoelectric coefficient with a high mechanical quality factor and low dielectric 
loss, which can further improve the ME effect. However, the 36 face-shear mode ME 
composite has rarely been reported. 
Therefore, this dissertation aims to fill this gap, and focus on ME composite. It 
considers the following key problems: (1) The ME effect in a magnetic torque and 
magnetostriction combined energy harvest; (2) The feasibility of self-powered wireless sensing 
system with a magnetic energy harvester; (3) The ME effect in a 36-face shear mode ME 
composite and its application. 
1.3 Contributions 
This dissertation aims to address the aforementioned problems. The main contributions, 
in terms of addressing these problems are detailed as follow. 




1.3.1 Maximise the ME Effect in the Magnetic Energy Harvester by Combining Magnetic 
Torque and Magnetostriction 
This part aims to maximise the ME effect in the magnetic energy harvester by 
combining the magnetic torque and magnetostriction. This dissertation proposes a magnetic 
energy harvester based on a linear PZT/Ni-NdFeB ME cantilever to harvest magnetic energy 
from a low amplitude low frequency magnetic field (< 2 Oe, 50 Hz) such as exist near a 
transformer and substation. The simulation and experimental results show ~ 20% enhancement 
due to the combination of the two effects.  
1.3.2 Investigate the Feasibility of Self-powered Wireless Sensing System 
An ME composite with a giant ME effect does not necessarily equal to an efficient 
energy harvester. This is because: (1) High output voltage is not equal to high power output; 
(2) The output voltage can be impacted by the load condition, which may lead to a sharply 
reduced value; (3) The electrical impedance matching between the energy harvester and the 
load can cause a resonant shift. Thus, the feasibility of the proposed magnetic energy harvester 
has been comprehensively studied as follows: 
(1) The output property dependence on different load conditions has been 
experimentally calibrated to find the optimum power output point. (2) The frequency response 
under different loads has been calibrated to ensure the proposed device can reach its resonant 
frequency at 50 Hz. (3) The output properties under different excitations have been investigated. 
(4) A wireless sensing system is designed to use the proposed device as the only power source. 




1.3.3 Experimental Investigation of a Magnetic Energy Harvester with Enhanced Operating 
Bandwidth 
A key challenge of the ME composite-based energy harvester is the narrow bandwidth, 
which is typically only 2~3 Hz. The problem is critical because 50 and 60 Hz are the standard 
frequencies of electricity. The narrow bandwidth means the ME composite-based energy 
harvester can only cover one of the frequency range, and their application is limited. To address 
this problem, the objective of this part is to design an energy harvester with a large bandwidth, 
which can cover the frequency range from 50 Hz to 60 Hz, and hence extend its application. 
To solve the bandwidth problem, this dissertation proposed a nonlinear ME cantilever to 
harvest magnetic energy with the frequency range from 50 to 60 Hz. This needs a specifically 
designed vibration system by employing a mechanical stopper. When the cantilever is vibrating, 
the beam will hit the stopper, and receive a damping force. The damping force from the stopper 
can result in a nonlinear vibration and extend the bandwidth. The position of the mechanical 
stopper and the gap between the beam and the stopper can significantly impact the damping 
effect, directly impacting the bandwidth and ME effect. If the gap between the beam and the 
stopper is too small, the strong damping force may stop the beam vibrating. On the other hand, 
if the gap is too large, the beam may not hit on the stopper and nonlinear vibration may not 
occur. Therefore, the position of the stopper and the gap between the beam and stopper is 
experimentally investigated to find the optimal distribution. 
1.3.4 Investigate an Ultra-weak Magnetic Field Sensor Using 36-face Shear PMN-PT/Metglas 
ME Composite 
There are two challenges in this part, the first one is that the length/width ratio of the 
device can significant impact the properties of the 36 face shear mode [26]. The difference 
between the length and width can cause failure of achieving face shear mode vibration. To 




solve this problem, the ME composite is very carefully fabricated, and the resonant frequency 
and anti-resonant frequency of the sample will be measured. This is because the frequency 
constant of the 36-face shear mode is unique. The theoretical resonant and anti-resonant 
frequency of the 36-face shear ME composite will be calculated to ensure the composite is 
operating at 36-face shear mode. Another challenge is to calibrate the sensitivity of the ME 
composite. In this dissertation, we proposed to demonstrate the theoretical sensitivity of the 
composite sensor using its equivalent magnetic noise density (EMND). The EMND consists of 
the thermal noise and the noise due to the dielectric loss. 
1.3.5 Investigate a Magnetic Field Sensing Array Using 36-face Shear PMN-PT/Metglas ME 
Composite 
A key challenge in positioning a magnet target is that both the distance and the relative 
position between the magnetic sensor and magnet target can affect the finial voltage output. 
This is because many ME composite based magnetic sensors exhibit some anisotropy that can 
be determined by the anisotropic nature of the configuration materials. The distance 
information and relative position are difficult to separate from the final output. To address this 
problem, we propose using sensing array taking the advantage of multiple 36-face shear ME 
composites, to separate the influence of the distance information. The relative position of the 
magnet target can be determined by utilising the anisotropic property of the ME composite. 
1.4 Dissertation Outline 
Chapter 2. This chapter includes a literature review of the development of ME materials, the 
ME effect in the ME composite and their applications as energy harvesting devices and 
magnetic field sensors. 
Chapter 3. A magnetic energy harvester is systematically studied, investigated and optimised. 
A high power density up to 270 µW/cm3 with an outstanding ME coupling coefficient of 220 




V/cm·Oe is achieved at the frequency of 50 Hz. The proposed energy harvester can turn on 
100 commercial LEDs without power storage unit and turn on a commercial wireless sensor.  
Chapter 4. A nonlinear magnetic energy harvester is experimentally study. A wide operating 
bandwidth of 10 Hz is achieved at the frequency range of 50 to 60 Hz, which is a significant 
improvement compared to narrow bandwidth of 2~3 Hz in traditional cantilever structured 
magnetic energy harvester. The nonlinear structure is found to be able to output maximum 
power at a small load condition.  
Chapter 5. A high sensitivity ME sensor is proposed using face-shear mode PMN-PT/Metglas 
composite. An outstanding ME coupling coefficient of 1600 V/cm·Oe is achieved at its 
resonant frequency. The proposed ME sensor shows a high sensitivity up to 10-8 Oe, and strong 
anisotropic property. 
Chapter 6. This chapter introduce 1-D and 2-D magnetic field sensing arrays. The sensing 
elements in the 1-D sensing array in this chapter are based on the magneto-mechano-electric 
coupling effect, achieving a high sensitivity of 10-6 Oe to DC magnetic field. Meanwhile a new 
magnetic field sensing method based on the ΔE effect is first introduced and studied in this 
dissertation. This phenomenon allows the 2-D magnetic field sensing to detect a magnetic field 
without bulky AC/DC excitation coil.  
Chapter 7. This chapter concludes the dissertation and provides a summary of research 
outcomes and future research direction. 




Chapter 2  
Literature Review 
2.1 ME Effect and ME Materials 
ME materials is one kind of material that shows the capability to convert electricity and 
magnetism. There two typical ME materials: (1) ME materials based on the coupling of 
ferroelectric and ferromagnetic orders in a single-phase ME material. (2) ME composite based 
on magneto-mechano-electric conversion [27,28].  
2.2 ME Effect in Single-phase ME Materials 
The ME effect, in some symmetrical crystals, was found in 1957 by Landau and Lifshitz 
[29]. Then ME effect in Cr2O3 was theoretical predicted by Dzyaloshinskii [30], and it was 
then experimentally proved by Astrov and Rado [31], finding to be ~20 mV/cm·Oe. To date, 
the ME effect has been found in many single-phase ME materials such as Ti2O3, YMnO3, 
GaFeO3, BiFeO3 and some multi-ferroic solid solution such as BiFeO3-BaTiO3. However, the 
application of single-phase ME materials is limited because of: (1) Low Curie temperature and 
Neil temperature. (2) Weak ME effect. [32] 
To the author’s knowledge, BiFeO3 is a single-phase ME material, which can exhibit a 
weak ME effect at room temperature [33]. In recent decades, single-phase ME materials have 
also shown promise in applications such as polymorphic storage [34]. Meanwhile, BiFeO3 has 










2.3 ME Effect in the ME Composites 
In 1948, Tellegen suggested an assembly of lined up electric-magnetic dipole twins, 
which can construct a new type of electromagnetic material [35]. In 1972, Suchtelen et al. [36] 
suggested that the ME effect can be produced from the cross-interaction between their different 
ferroelectric and ferromagnetic phases. The principle is to use the coupling effect from two 
phases, the magnetostriction (MS) phase, and piezoelectric (PE) phase (Figure 2.1). 
 
 
Figure 2.1 The ME composite introduced by Suchtelen [36].  
 
Compared to single-phase ME materials, an obvious advantage of the ME composite is 
that the ME effect in the composite can be exhibited above room temperature. In recently year, 
the ME composite has attracted an increasing amount of research interest, due to its high 
sensitivity, large ME coupling coefficient, and ease of fabrication. 
The direct ME effect in an ME composite can be described as: an external magnetic 
field inducing strain in the ME phase, which is mechanically transferred to the PE phase. The 
strain from the piezomagnetic (PM) phase to PE phase induces a direct PE effect in the PE 




phase. For the converse ME effect in a ME composite, an external electric field induces strain 
in the PE phase due to the inverse PE effect, then the strain is mechanically transferred to PM 
phase which then induces the change of magnetization through the piezo magnetic effect. The 
direct/converse ME effects in a ME composite can be describe by following equations:[37] 






,                                                                    (2.3) 






,                                                                  (2.4) 
Using the concept of phase connectivity introduced by Newnham et al.,[38]  the ME 
composite can be categorised by different structures using the notations 0-3, 1-3, and 2-2, etc, 
in which each number denotes the connectivity schemes of the respective phase as shown in 
Figure 2.2 [39]. So far, 0-3, 1-3, 2-2 connectivity with different combinations of PE/MS phases 
have been developed.  
 
Figure 2.2 Schematic illustration of three connectivity schemes of ME composite: (a) 0-3 
composite, (b) 1-3 composite, (c) 2-2 composite [27,37,39].  
 
A 0-3 ME composite is usually a composite material of ferroelectric oxide and 
ferromagnetic oxide, which can be prepared using sintering method.  Nan  et al. introduce a 0-
3 ME composite that using the thermoplastic polymer PVDF as the matrix, and with Terfenol-
D and Pb(Zr,Ti)O3 (PZT) dispersed in the matrix [39,40]. The theoretical ME coupling 
coefficient is calculated to be 100 mV/cm·Oe at room temperature, which is about one order 
of magnitude higher than typical single-phase ME material with an ME coupling coefficient 
~20 mV/cm·Oe under a temperature of 250 K [31,41].  




Despite the large ME coupling coefficient, however, there are significant disadvantages 
of a 0-3 ME composite formed using the sintering method. First, a heterogeneous phase may 
occur because of diffusion or solid phase reaction between the dispersed components during 
the sintering. Currently, new sintering method such as spark plasma sintering (SPS) shows the 
capability to prevent diffusion, while increase the density of sintered ceramics [42].  
Furthermore, the large thermal expansion mismatch between the PE and PM phases 
harms the densification and leads to the formation of micro cracks [27]. e.g. 12 × 10−6/°C for 
the Terfenol-D [43], 4 × 10−6/°C for the PZT-5A [44]. Meanwhile, the ferromagnetic oxide in 
the matrix can lead to a large leakage current in composite ceramics.  
In addition, for the 0-3 connectivity ME composite which uses polymer as the matrix 
[45-48], a problem remains is that the large differences in the resistivity and permittivity 
between polymer matrix and dispersed components can lead to a difficulty of polarization [49].  
As an alternate to the 0-3 ME composite, Nan et al. introduced a dice-and-fill method 
to fabricate a 1-3 ME composite with PZT rod arrays embedded in the TDE medium (Figure 
2.3) [50-52]. By optimising the structure of the PZT component, the 1-3 ME composite 
exhibited a ME coupling coefficient over 300 mV/cm·Oe, with a giant ME coupling coefficient 
as large as 4500 mV/cm·Oe at its resonant frequency [39].  
 




Figure 2.3 (a) Schematic view of the 1-3 composite. (b) Micrograph of the PZT rod array in 
the TDE medium [50].  
 
The very early 2-2 ME composite was introduced by sintering an alternately arranged 
piezoelectric layer and ferrite layer composite [53,54]. This method is able to prevent the 
current leakage due to the high conductivity in the ferrite component, thus producing a larger 
ME coupling performance with an ME coupling coefficient ~1500 mV/cm·Oe in a multi-layer 
structure [54]. Nan et al. theoretically predicted a giant ME effect in the 2-2 ME composite 
with a rare-earth-iron alloy and ferroelectric polymers [40]. Using 2-2 type composite, the 
proposed Terfenol-D/piezoelectric laminate could produce ME coupling coefficient about 10 
V/A. Ryu et al. experimentally obtained and proved the giant magnetoelectric effect in 
PZT/Terfenol-D laminated disk (Figure 2.4). Under its resonant frequency, the ME coupling 
coefficient was found to be 10 V/cm·Oe (10000 mV/cm·Oe) at room temperature [55,56], 
which is one order of magnitude higher than reported ME composite. The 2-2 ME composite 
has attracted increasing research interest due to its ease of fabrication and large ME coupling 
coefficient.  













2.4 2-2 Laminate ME Composite 
The ME effect in the 2-2 laminate ME composite is based on the magneto-mechano-
electric coupling effect. One of the advantages for the 2-2 laminate composite is easy to be 
fabrication. In 2001, Ryu et al. introduced a sandwich structure of 2-2 ME composite using 
electric-conducting epoxy as the adhesive layer to bond the PM and PE components [56]. This 
method makes the composite fabrication significantly easier compared with the sintering 
method. Meanwhile, the strong magneto-mechano-electric coupling between the PM and PE 
component, leads to a giant ME coupling coefficient ~ 4680 mV/cm·Oe [57]. Dong et al. 
introduced different types of operating mode in the 2-2 ME composite based on its magnetism 
direction of  the PM component and the polarization of the PE component [58]. Researchers 
found the ME coupling performance exhibited a significant enhancement in the mechanical 
resonant frequency. Then Dong et al. introduced the equivalent circuit to describe the giant ME 
coupling effect in the resonant frequency [59]. Meanwhile, Wang et al. introduced a giant ME 
effect in a bending mode of 2-2 laminate ME composite. By optimising the materials and 
mechanical quality of the composite, a giant ME effect can be achieved as high as 30 V/cm·Oe 
(30000 mV/cm·Oe) at the resonant frequency of 95 kHz [60]. The 2-2 laminated ME composite 
has the advantage of a significantly larger ME coupling coefficient compared with the 0-3 
connectivity ME composite. In addition, the epoxy bounded 2-2 laminated ME composite is 
much easier to fabricate than most 1-3 connectivity ME composites. The 2-2 laminated ME 
composite has been of great research interest in the last two decades. 
Dong et al. introduced different modes for 2-2 ME composite, which include longitude-
transverse (L-T), L-L, T-T, pull-push and bending. Both theoretical method and experimental 
tests have been conducted [58,61-65]. Further, Dong et al. introduced the equivalent circuit 
method to evaluate the frequency performance for the ME composite [59,66,67]. Xing et al. 
reported a Terfenol-D/Steel/Pb(Zr,Ti)O3 magnetoelectric laminate composite, operated at 




bending resonance frequency, exhibiting a large ME coupling performance [68]. Zhang 
designed a shear-mode self-biased magnetostrictive-piezoelectric laminate, using Terfenol-D 
and samfenol SmFe2 (orientated the direction [1 1 1]) as the piezomagnetic phase and PZT 
ceramics as piezoelectric phase [69]. Due to the small PM coefficient dm33 in the Terfenol-D, 
it requires a large driving magnetic field or a magnetic bias to acquire the maximised strain. 
Generally, the ME effect in the 2-2 composite can be categorized as [70-72]: (1) strain 
mediated ME composite; (2) stress mediated ME composite; and (3) shear-shear mode ME 
composite.   
2.4.1 Strain Mediated ME Composite 
Strain mediated is one of typical operating mode for ME composite. The principle of 
this mode can be illustrated as follow: when the composite is placed in a magnetic field, 
magnetostriction will occur in the PM phase, leading to a strain in the PM layer. The strain will 
be transferred into the PE phase via the bond layer, causing the piezoelectric effect. Based on 
the configuration of magnetostriction in the PM phase and the polarization direction of the PE 
phase, the strain mediated ME composite can be further categorized as [27]: L-T (Longitude 
magnetostriction-Transvers polarization); L-L (Longitude magnetostriction-Longitude 
polarization); T-T (Transvers magnetostriction-Transvers polarization) mode; C-C 
(Circumferential magnetostriction-Circumferential polarization) mode (Figure 2.5). Other 
modes can be the combination of one or more of the basic modes mentioned above. For 
example, the push-pull mode is the combination of two L-T modes, where the polarization 
direction of the two PE layer is opposite.  
It needs to be noted that for most 2-2 ME composites, theoretically, the L-L mode can 
provide a better ME coupling performance than the L-T mode under the same conditions 
(materials, dimensions) [67]. This is believed to be because in most piezoelectric material, the 




electro-mechanical coupling coefficient in the longitudinal direction is larger than that in the 
transverse direction.  
However, in most experimental cases, the L-T mode can produce larger ME coupling 
coefficient than that from an L-L mode ME composite with the same material and dimension 
[73]. This is attributed to the low capacitance in those piezoelectric phases, which is poled 
along its length direction.  
 
Figure 2.5 Schematic demonstrations of different modes: (a) L-L mode, (b) L-T mode, (c) T-T 
mode, (d) C-C mode [27]. 
  
2.4.1 Stress Mediated ME Composite 
In 2007, Dong et al. introduced a stress mediated ME composite by using multilayer 
PZT as the PE phase, and Fe-Ga as the PM phase (Figure 2.6 (a)) [74]. The device is in a 
longitudinal-longitudinal configuration, as shown in the following figure. Compared to strain 
mediated ME composite, the degree of freedom of the device in the stress mediated ME 
composite is limited. When the ME composite is placed in the magnetic field, the 




magnetostriction occurs in the Fe-Ga component. Since the degrees of freedom of the Fe-Ga 
component is limited by the pre-stress screw and the PZT multilayer.  The stress in the Fe-Ga 
component will be transferred into the PE layer, leading to piezoelectric effect. The complex 
magneto-stress-electric coupling performance and operating principle can be descripted using 
electric equivalent circuit method showing in Figure 2.6 (b). In the figure, φmH3 represents the 
stress/magnetic field coupled effect, while the φm:1 represent the electricity/stress coupled 
effect in the PZT multilayer.   
 
Figure 2.6 (a) Schematic illustration of a longitudinally magnetized and longitudinally poled 








The advantages of the stress mediated ME composite are summarized in the follows:  
(1) High stress: Due to the Fe-Ga or Terfenol-D alloy used as the MS phase, the internal 
force due to the magnetostriction is large. Without the “soft” adhesive layer between 
the PE and MS phase, the high stress can directly transform from the MS phase to 
PE phase. 
(2) Large static capacitance C0: for most ME composites, which only use one layer of 
PE materials, the capacitance of the ME composite is dependent on the capacitance 
of the PE phase: 𝐶0 < 𝐶𝑝0 . The static capacitance C0 in a stress mediated ME 
composite can be calculated as: 𝐶0 = 𝑁𝐶0𝑝. As a result, the stress mediated ME 
composite can output a higher ME charge than most other ME composites. 
2.4.3 Magnetic Toque Mediated 2-2 ME Cantilever 
In many researches, the giant ME effect was found at the resonant frequency of the ME 
composite. This phenomenon suggests a new approach to achieve giant ME effect in the ME 
composite. However, when the frequency is not in the -3db zone, the ME coupling coefficient 
and output voltage will drop down to a very low value. In addition, the resonant frequencies of 
most laminate structures are more than 10 kHz, which means the ME composites show low 
efficiency in low frequency (<100 Hz) magnetic fields. In recent decades, researchers have 
proposed utilising cantilever structures to achieve low resonant frequency and large ME 
coupling coefficient. 
A cantilever is a structure that anchors one end of a beam to a support. For a long thin 
cantilever (length >> thickness, length >> width), the resonant frequency can be significantly 
impacted by its length and the tip mass applied on the free end. By specifying the length and 
tip mass, the resonance of a cantilever can occur at low frequency (<100 Hz). It has been found 
by many researchers that the ME coupling performance is clearly enhanced under mechanical 




resonance [75,76].  Xing et al. introduced a low frequency giant ME effect ME cantilever by 
using a rare-earth permanent magnet NdFeB as tip mass, attached on a piezoelectric/Cu 
bimorph cantilever. The rare-earth permanent magnet can act as both the tip mass to lower the 
resonant frequency and generate magnetic torque due to the ferromagnetic effect between the 
magnet and external magnetic field. The magnetic torque generated at the free end of the 
cantilever can enhanced the vibration of the cantilever, and thus produce a large magneto-
mechano-electric coupling effect. Dong et al. developed a magneto-mechano-electric coupling 
equivalent circuit method (Figure 2.7), to investigate the ME coupling performance under 
mechanical resonance [77]. In Figure 2.7 The H represents the external magnetic field, the 
central circuit represents the magnetic-mechanical coupling effect, where the φm represents the 
mechanical coupling factor, and Z is the mechanical impedance. The circuit on the right 
represents the mechanical-electric coupling effect in the PE phase, the φp is the electrical 
coupling coefficient. The method allows researchers to evaluate the complex coupling effect 
based on the constitutive equation of piezoelectric effect. The equivalent circuit method has 
become one of the commonly used methods to evaluate the ME coupling property under the 
resonant frequency.  
 
Figure 2.7 The magneto-mechano-electric coupling equivalent circuit for ME cantilever [59].  
 




The advantage and disadvantage of magnetic torque mediate 2-2 ME cantilever can be 
summarised as follow:  
Advantages: 
(1) Low resonant frequency. 
(2) Strong ME coupling performance. 
Disadvantages: 
(1) Complex magneto-mechano-electric coupling process can lead to a high 
mechanical loss in the vibration. 
(2) The large vibration can lead to a mechanical defect after a certain number of 
operating cycles. 
2.5 Application of the 2-2 ME Laminate Composite 
Due to the giant ME effect, the 2-2 composite shows a significant advantage in that it 
develops a stable and synchronous voltage signal output under a very weak magnetic field. In 
the last few decades, varieties of applications based on the ME composite have been introduced 
such as magnetic energy harvester and magnetic sensor [27,78-80].  
2.5.1 Magnetic Energy Harvester 
It is well known that the weak magnetic field exists widely in the environment and 
around almost every electrical device. The 2-2 ME composite can convert those weak magnetic 
signals to mechanical strain via the magnetostriction and magnetic/mechanical torque from the 
tip mass. Then the PE component in the ME composite can convert the mechanical energy into 
electrical energy. The ME composite is believed to be a candidate for harvesting wasted 
magnetic energy. 




In 2004, Bayrashev et al. introduced a piezoelectric-magnetostrictive laminate 
composite to harvest low frequency (< 100 Hz) excitation energy as the power source for 
powering wireless systems [81]. The laminate consists of Pb(Zr,Ti)O3 (PZT) as the PE phase 
and Terfenol-D as the PM phase, bonded by epoxy then cured at 120 oC for 2 h to form a 
composite. Due to the large strain from the Terfenol-D under an AC magnetic field of 2 k~3 k 
Gauss, the composite can deliver 0.5 mW at 10 Hz. Compared with other remote powering 
techniques, this method has a much higher voltage generation efficiency per generator volume.  
  
Figure 2.8 Photo of the generator introduced by Bayrashev [81].  
 
To generate energy from a low amplitude (<10 Oe) low frequency (<100 Hz) magnetic 
field had been investigated to be used in shear-mode self-bias ME composite. Due to the 
ferromagnetism with obvious hysteresis and large remnant magnetostriction of SmFe2, the 
SmFe2 provides a negative shear force and internal field to bias the composite under a magnetic 




field; this exhibits an ME coupling coefficient of 2.24 V/Oe (0.323 µW under a magnetic field 
of 1 Oe, 100 Hz). This design proves the feasibility of the 2-2 ME composite to produce a 
significant amount of energy under real magnetic environment. 
The cantilever structure has been utilized in many ME composite-based energy 
harvesters. In 2008, Dong et al. investigated multimodal magnetic and mechanical energy 
harvesting system utilising dual-layer push-pull PZT fibres combined with FeBSiC plate [82]. 
With 1 g of tip mass applied, the cantilever system can generate 60 V (Hac = 1 Oe, 40 Hz), 
corresponding to a harvested power density of 2.1 mW/Oe·cm3. This study shows the 
feasibility of different bending mode configurations in the design of a cantilever energy 
harvester. It also shows the feasibility of piezoelectric fibres in certain configurations to 
function as an energy harvester. Therefore, the magnetic torque cantilever is of research interest 
in the design of magnetic energy harvesting systems. 
Thin-film ME cantilevers gave rise to their development in the potential application of 
energy harvesting. Onuta et al. introduced an all-thin-film ME heterostructure on Si based 
cantilever [83]. Fe0.7Ga0.3 was used as the PM phase, with PZT as the PE phase. The measured 
ME coupling coefficient was measured ~33.6 V/cm·Oe at its resonant frequency of 3.8 kHz. 
When the device was operated under a 1 Oe AC magnetic field with the optimised load ~12.5 
kΩ, the peak output was exhibited ~0.7 mW/Oe·cm3. Due to its significantly lower resonant 
frequency than most other structures with same dimensions and considerable power density, 
the cantilever structure shows a potential application as a micro-meter-scale magnetic energy 
harvesting device. To date, the thin film structure has attracted a lot of research interest due to 
its large ME coupling coefficient, rapid response and high output power density [84-87]. In 
addition, it shows a promising application in energy harvesting or in self-maintained wearable 
devices.  




However, despite the large output power density, the real output power for most of 
piezoelectric based magnetic energy harvesters is still below the power requirement of low 
power consumption devices. This suggests the investigation of high power density magnetic 
energy harvesting devices with higher power output. The general methods of achieving high 
power are: (1) Using the vibration mode with higher piezoelectric coefficient and mechanical 
factor, such as d32 mode in some piezoelectric single crystals to achieve high efficiency. (2) 
Utilising self-bias structure to maximise efficiency at the condition with no DC magnetic bias. 
(3) Maximise the vibration amplitude by combining other effects such as a ferromagnetic effect.  
 
Figure 2.9 Dependence of the output voltage and raw harvested power on the AC magnetic 
field [83]. 
  
Kambale et al. investigated the energy harvesting property of a Pb(Mg1/3Nb2/3)O3-
Pb(Zr,Ti)O3 (PMN-PZT)/Ni ME cantilever with different operating modes of PE phase ( d31 




and d32 mode) [88]. A giant ME coupling coefficient ~7.28 V/cm·Oe with the output power 
~1.31 mW was exhibited for the Ni based ME cantilever with a [011] cut d32 mode PMN-PZT 
piezoelectric single crystal. Under an excitation of 0.7 G acceleration, the maximum output 
power was acquired ~1.5 mW at the optimised load ~400 kΩ. This study demonstrated that the 
d31 and d32 can significantly affect the magnitude of the ME coupling performance and the 
harvested power output. In the experiment, the d32 mode produces larger output than that in the 
d31 mode under the same condition of excitation; this is attributed to the higher piezoelectric 
coefficient of d32. The result of energy harvesting performance from both magnetic noise and 
small vibration show a potential application for undersea environment where earth’s magnetic 
field and wave energy co-exist. 
 
Figure 2.10 Schematic diagrams for the bender type PMN-PZT/Ni ME cantilever: (a) 
rectangular cantilever beam, (b) crystallographic orientation scheme, (c) working principle of 
the ME cantilever, (d) photo of the assembled ME unimorph cantilever [88].  
 
It needs to be noted that, for most 2-2 ME cantilevers, the direct current magnetic field 
can affect its ME coupling performance [89]. This phenomenon is determined by the magnetic 




properties of the material used as the PM phase. However, the DC magnetic field can only act 
as a bias without directly leading to a voltage output. The extra structure to generate the DC 
bias will make the device bulky. Researchers proposed to utilise the tip mass on the free end 
of the cantilever to make a self-bias ME cantilever. Xing et al. introduced the bending mode to 
lower the resonant frequency of the ME laminate composite [68,90,91]. The bending mode ME 
composite used a transverse direction magnetized Terfenol-D as the PM phase while two 
longitudinal direction poled PZT ceramic plates as the PE phase. This design made the 1st 
bending resonant frequency as low as 5 kHz, with a resonant enhanced ME coupling coefficient 
~40 V/cm·Oe. Compared with most ME composites, where their resonant frequency is usually 
more than 20 kHz, this study brings a new idea to the design of low frequency energy harvesting 
devices. Following this, Xing et al. investigated the ME coupling property of a self-bias 
bimorph ME cantilever by using a rare-earth permanent magnet as the tip mass [77]. The 
proposed device used PZT as the PE phase. Instead of using a PM phase, a Cu beam was used 
as the substrate of the composite. A rare earth permanent magnet NdFeB was attached on the 
tip end of the cantilever. By utilising the ferromagnetic effect between the magnet tip mass and 
the external AC magnetic field, the magnet tip mass can drive the cantilever under the magnetic 
field, leading to a ME response. The advantage of this design is that the ME cantilever can 
produce its maximum amplitude vibration without the DC magnetic bias. Meanwhile, the 
magnet tip mass on the free end can also lower the resonant frequency of the ME cantilever. 
This design provides a significant ME coupling performance at both the resonant and off 
resonant frequency range. The magnetic torque generated at the free end of the cantilever 
produced a large magneto-mechano-electric coupling performance, giving around 250 
V/cm·Oe at 1st bending resonance frequency of 60 Hz; while the ME coupling coefficient can 
reach 16 V/cm·Oe at much lower frequency of 10 Hz.  





Figure 2.11 (a) Schematic structure of the bimorph NdFeB/PZT bimorph ME cantilever (b) 
photograph of the prototype device and testing [77].  
 
The following research shows more evidence of the feasibility of magnetic energy 
harvesting utilising the 2-2 ME cantilever [92-94]. Liu et al. proposed a low-frequency 
magnetic field energy harvester by using a simple bimorph cantilever made of PZT-5H plate, 
brass sheet, and magnetic tip mass [95-97]. The output power is 14.03 µW under a weak 
magnetic field of 1 Oe, which turns on 6 commercial light-emitting diodes (LEDs) for 0.1-0.2s. 
This research illustrates the potential of harvesting a small amount of wasted magnetic energy 
from the magnetic noise in the open environment.  Ryu et al. further investigated energy 
harvesting efficiency taking advantage of the anisotropic property of single crystal fibres [98], 
by comparing different longitude mode and orientation of single crystal <001>d31, <011>d31 




and <011>d32, the <011>d32 PMN-PZT single crystal/Ni cantilever with length direction 
parallel with magnetic field gave the largest ME coupling performance of ~160 V/cm·Oe. The 
output power density of 4.6 mW/cm3Oe2 was achieved under a weak magnetic field of 1.6 Oe 
at 60 Hz, which can light 35 commercial LEDs. This study remarkably shows the potential 
application of the cantilever piezoelectric energy harvester in self-powering system for low 
power consumption device.  
  
Figure 2.12 The voltage of the storage capacitor. The inset is the scematic of the charging-
discharge circuit for storing and releasing the electric power generated by the MME composite 
cantilever [95].  
 
Annapureddy et al. investigated how the dielectric loss in the PE phase affects the ME 
coupling performance and output power [99]. Three types PMN-PZT piezoelectric single 
crystals with high/medium/low dielectric loss were prepared by controlling the MnO2 doped in 
the piezoelectric single crystal. The ME coupling coefficient of ~150 V/cm·Oe was achieved 
at the resonant frequency of 60 Hz. The ME coupling coefficient from the low-loss ME 
cantilever is ~ 3 times higher than that from a high loss one. While, under a 7 Oe AC magnetic 




field, the output power of the low loss cantilever was 0.7 mW, which is 32% higher than that 
for the high loss one. Due to the high power output, the 2-2 ME cantilever can charge a 
commercial battery and operate small DC motor fan with a rectifier-charging circuit. Kang 
introduced a multi-layer structure ME cantilever [100]. The structure of the device was 
optimised by changing the thickness ratio of the PE/PM phase, and due to the Metglas alloy 
with high permeability is utilised as the PM phase. The ME coupling coefficient at the weak 
magnetic field was ~ 350 V/cm·Oe with a maximum output power density ~9 mW/cm3 under 
an AC magnetic field of 10 Oe. Due to its high efficiency in a low amplitude magnetic field 
(<10 Oe), the magnetic energy harvester can turn on a smart sensor, which will facilitate the 
deployment of Internet of Things (IoT) devices in emerging intelligent infrastructures. 
However, the piezoelectric single crystal is more expensive than the piezoelectric ceramics. A 
costly piezoelectric single crystal based magnetic energy harvester is seldom reported. 
 
Figure 2.13 Schematic of the multi-layer structure magnetic energy harvester: (a) multi-layer 











2.5.2 Magnetic Sensor 
Researchers have found that the ME voltage from the ME sensor is almost linearly 
dependent on the amplitude of the magnetic field. This phenomenon suggests another 
application for the ME composite, which is the magnetic sensor. When the 2-2 laminated ME 
composite works as a magnetic sensor, the requirement is different from when it is used as an 
energy harvester. For a magnetic sensor, it is more valuable to focus on the following 
parameters: (1) The linearity between the intensity of the magnetic flux and the output voltage. 
(2) The resolution/sensitivity of the device. (3) The equivalent magnetic noise density (EMND). 
(4) The energy consumption. For most of the 2-2 ME composite based magnetic field sensors, 
the energy consumption is significantly smaller than that of other technologies that have similar 
sensitivity, such as SQUID. Thus, researchers may focus on the sensitivity, the linearity and 
the EMND of the magnetic sensing device. 
In 2005, Dong et al. introduced a multilayer ME composite with extremely low 
frequency [63]. In his design, the PM phase Terfenol-D and PE phase PMN-PT were arranged 
alternately and bonded into a composite. By keeping a uniform thickness ratio of all N PE 
layers and all N+1 PM layers, the ME voltage coefficient can be independent of the total 
number of layers when they are connected electronically in parallel, while the capacitance is 
almost equal to the combination of all the PE layers. As a result, an outstanding sensitivity limit 
of 10-9 T is exhibited at ~ 10-2 Hz, while the sensitivity limit can be ~10-11 T at the frequency 
of 100 Hz. The sensitivity of the proposed sensor is much higher than most magnetometers 
based on the Hall Effect in sensing an AC magnetic field. 
To measure a vortex magnetic field, Dong et al. then investigated a vortex magnetic 
field ME sensor utilising a [001] direction poled quailing configuration of Pb(Zn1/3Nd2/3)O3-
4.5PbTiO3 (PZN-4.5PT) piezoelectric single crystal/Terfenol- D ME composite [101]. The ME 
sensor was operated in the C-C mode to sense a vortex magnetic field. Under a DC magnetic 




bias of 500 Oe, a giant ME coupling coefficient of 5.5 V/cm·Oe was measured. Also, the output 
ME voltage was found to be linearly dependent of the external AC magnetic field, while the 
detect limit of 10-11 T was exhibited at a frequency of 30 kHz. Meanwhile, the detect limit of 
10-6 T was exhibited at the frequency of 1 Hz. This study further proves the feasibility of 
different composite structure of the ME sensor in the application in weak magnetic field 
sensing. 
To further investigate the relationship between the sensitivity of the ME sensor and the 
configuration mode. Zhai et al. investigated the difference of noise-floor between the unimorph 
and bimorph structures for an ME sensor in bimorph and unimorph push-pull Terfenol-D/PZT 
ME composite [65]. It was noted that both unimorph and bimorph structures can exhibit a very 
low EMND of ~10-9 T/Hz1/2, with the noise equivalent charge ~ 10-16 C/Hz1/2. They proposed 
to use the equivalent noise-floor to represent the theoretical sensitivity of the sensor, which was 
calculated and found to be ~ 2×10-11 T/ Hz1/2 at 1 Hz. The equivalent noise-floor of the device 
was found to be ~ 4×10-10 T/ Hz1/2 at the frequency of 1 Hz, at the room temperature of 300 K, 
compared to 10-12 T/ Hz1/2 for a hybrid giant magneto resistive (GMR) sensor operated at 77K 
[102]. Therefore, the ME composite can provide a similar sensitivity while not requiring the 
cryogenic condition.  





Figure 2.14 (a) schematic of the PMN-4.5PT/Terfenol-D C-C mode ME composite. (b) ME 
response of the laminate to low-level AC vortex magnetic field [101].  
 




Due to the enhanced ME response at the resonant frequency, the sensitivity and ME 
coupling performance near the resonant frequency of the ME sensor has attracted a lot of 
interest [60,103,104]. Dong et al. introduced the high permeability alloy Metglas as the PM 
phase of the ME sensor [105]. The ME composite with Metglas can reach its optimum output 
at a DC magnetic bias of 10 Oe, with the maximum ME coupling coefficient αME  ~ 4 V/cm×Oe. 
However, for the ME composite with Terfenol-D, the optimum output exhibited at a DC 
magnetic bias of 170 Oe, with the maximum αME ~ 2 V/cm·Oe. The high-permeability 
magnetostrictive/piezo-fibre laminates show a near-ideal ME performance in weak magnetic 
field. Furthermore, they require a DC magnetic bias much smaller than that for those ME 
composites with Terfenol-D or Ni as the PM phase. Metglas may be an ideal material for ME 
composites, especially in weak magnetic field sensing applications, since it gives a significant 
improvement in the sensitivity of the ME sensor. 
Jahns et al. introduced a room temperature biomagnetic sensor based on piezoelectric 
aluminium nitride/Metglas ME composite [106]. In this study, a silicon substrate was employed 
to give a support and some flexibility to the composite. The large tip vibration for the cantilever 
structure, produce a giant ME coupling coefficient αME ~ 450 V/cm·Oe at the resonant 
frequency of 660 Hz. Meanwhile a detect limit ~10-10 T was measured at room temperature. 
However, the EMND at its resonant frequency was found to be ~ 7.5 pT/Hz, which is much 
larger than many ME composites. The large EMND could be due to the damping effect from 
the silicon substrate and the clamp during the bending vibration. The ultra-sensitivity to a 
magnetic field illustrates a potential in biomagnetic field sensing. 





Figure 2.15 Schematic view of the sensor [106].  
 
In order to achieve low EMND, Wang et al. investigated the source of the EMND in 
ME composite [79,107]. It was reported that the EMND or noise floor in an ME composite was 
mainly the combination of the dielectric loss noise (NDE) and leakage resistance noise (NR). 
The NR is also called the thermal noise because it is a temperature-dependent parameter [108]. 
Instead of using full electrode on the two surfaces of the PE phase, the inter-digital (ID) 
electrode was used to minimise the NDE and NR. The maximum αME ~ 55 V/cm·Oe was acquired 
at the DC magnetic bias of 8 Oe, while an extremely low EMDN was measured ~ 5.1 pT/Hz1/2 
at the frequency of 1 Hz. As a result, a detect limit ~ 10 pT was reached at 1 Hz.  Some 
applications, such as magnetic field-repositioning sensors were introduced using a similar 
configuration [109,110].  





Figure 2.16 schematic diagram and photo of the Metglas/piezofiber configuration consist of an 
ID electrodes/PMN-PT fibres core composite [107].  
 
From investigation of the EMND, it was found that the noise can be minimised by 
optimising the structure of ME composite. Since then a large number of high-sensitivity, low 
EMND ME sensors have been proposed and investigated. Chu et al. optimised the magnetic 
flux distribution in the ME composite by utilising finite element analysis [111,112]. By using 
a long thin bar rather than a regular rectangular shape, a concentration of magnetic flux density 
occurs in the thin PM layer. This phenomenon allows the proposed device to reach higher 
magnetism under lower external magnetic field and gives a higher sensitivity at a low-level of 
magnetic field. As a result, a ME composite was introduced with an extremely high sensitivity 
to the AC magnetic field. The detect limit was found to be ~10-13 T. The sensitivity from the 
specific designed ME sensor is competitive, compared to a SQUID. This study illustrates the 




possibility of improvement in detect limit by optimising the structure and operating mode of 
the piezoelectric single crystal-based ME sensor. 
 
Figure 2.17 The AC magnetic-field response of L-T PMN-PT/Metglas laminated ME sample: 
(a) the setup of ME measurements in a shielding chamber; (b) the magnetic-field sensitivity 
and linearity response to AC magnetic field; (c) ME voltage signal in response to step AC 
magnetic field [111].  
 
It is interesting to note that not only the AC magnetic field, but also the DC bias can 
affect the output ME voltage. In a small range of amplitude, the output DC magnetic field and 
the ME voltage show a near linear relationship. Thus when the AC magnetic excitation is fixed, 
the ME voltage is capable of low-level DC magnetic field detection [61,62]. Li et al. introduced 
a high-sensitivity NEMS magnetoelectric sensor for pT DC magnetic fields [113,114]. The 




sensor used an AIN/FeGaB ME resonator bonded on a silicon substrate, Al2O3 layers were 
used between the FeGaB layers to reduce eddy current losses at the resonant frequency. Due 
to the smaller current losses, the device was able to measure the reflected output voltage as a 
function of the DC magnetic field. The detect limit was found to be ~800 pT, which is one 
order of amplitude better than most other ME composites based DC magnetic field sensor 
[80,115-117]. To date, in DC magnetic field area, the sensitivity of the best reported ME sensor 
is about three orders of magnitude higher than that from a commercial Gaussmeter [118]. 
 
2.6 Summary 
This chapter reviewed and discussed the phenomenon of ME effect in different types 
of ME material: single-phase ME material, and ME composites. The advantages/disadvantages 
and potential application have been reviewed. The development of the 2-2 ME composite based 
magnetic energy harvester and magnetic sensor were discussed. Previous research on magnetic 
energy harvesting and magnetic field sensing can be summarised that: 
1. Previous research on magnetic energy harvester using piezoelectric ceramic 
material. The main limitation is the small output power of only a couple of μW, 
much lower than the minimum requirement of a low power consumption sensor. 
With such a low power, the piezoelectric ceramic-based device can only turn on a 
small number of LEDs lights, rather turn on a sensor. For the magnetic energy 
harvester using a piezoelectric single crystal, a key limitation is the price for the 
single crystal; it is much higher than the piezoelectric ceramics. The low cost, high 
power output piezoelectric ceramics based magnetic energy harvester is not 
proposed for use. 
2. Magnetic sensors are focused on minimising the EMND, achieving a high ME 
coupling coefficient and structure optimization. The lower EMND can help to 




reduce the noise level under weak magnetic fields, while the higher ME coupling 
coefficient allows the sensor to produce larger ME voltage. The combination of the 
two improvements leads to a higher sensitivity for low-level magnetic field 
detection. Furthermore, by optimising the structure and geometry of the sensor, the 
anisotropy property can occur, which can further improve the sensitivity of AC or 
DC magnetic field. However, the main operating modes such as L-L, L-T are 
mainly based on the d31 or d32 modes in the PE phase. The thickness mode is 
reported in some papers, due to its high piezoelectric voltage coefficient, but the 
low mechanical quality factor can lead to a high mechanical loss in the device. The 
36-face shear mode in the PMN-PT single crystal has been reported with a high 
piezoelectric coefficient, competitive mechanical quality factor. The 36-face shear 
mode ME sensor has not been well investigated. 
 
 




Chapter 3  
Design of the Magnetic Energy Harvesting System 
3.1 Introduction 
Self-powered systems that allows electrical devices to sustainable operate without 
external power sources such as a battery, are believed to be one of the solutions to increase the 
efficiency of use energy and reduce environmental concerns. Energy harvesting (EH) 
technology which converts the ambient energy, such as mechanical [119,120], thermal [121-
123], wind [124,125]  and magnetic energies [126,127] into electrical energy, has become a 
key research topics in the last decades, because of the ever-increasing demand for self-powered 
systems. The low magnitude (typically on the order of ≤ 10 Oe) magnetic field at fixed 
frequency (50/60 Hz) ubiquitously exists in power transmission area such as in proximity to 
power transformers and substations [128]. To harvest the magnetic energy from such low 
electromagnetic sources via the magnetoelectric (ME) effect has been actively studied in the 
last few years [68,129].  
Magnetoelectric (ME) composites include piezoelectric and magnetostrictive 
components, where the piezoelectric and magnetostrictive effects are coupled elastically with 
each other, and are able to scavenge magnetic energy and convert to electricity via the magneto-
mechano-electric conversion [27,28]. In contrast, a piezoelectric magnetic energy harvester 
needs to operate very near its resonant frequency to acquire significant output [130]. To harvest 
energy from low frequency (<100 Hz) magnetic field, a cantilever structure had been the most 
commonly chosen, since its resonant frequency can be easily modulated by changing the tip 
mass. Meanwhile, the energy harvester with a cantilever structure can also exhibit high 
sensitivity to low amplitude magnetic fields (<10 Oe) in the low frequency range (<100 Hz) 




[94,98,131]. In early research, in order to acquire a large enough ME coupling performance, a 
large bias DC magnetic field (1-2 Tesla) was needed  for the a piezoelectric/magnetostrictive 
ME laminate to harvest the low frequency mechanical vibration [103]. Such a composite 
system was far away from the real applications. Then, researchers proposed using the coupling 
of the piezoelectric effect and mechanical torque in a piezoelectric/magnetostrictive ME 
cantilever to maximise the ME performance. Dong et al. reported a push-pull type cantilever 
consisting of bi-layer Pb(Zr,Ti)O3 (PZT) fibers, FeBSiC alloy, and a nonmagnetic tip mass, 
being able to harvest energy from low amplitude magnetic noise (20 Hz, 2Oe stray magnetic 
field) [82]. The nonmagnetic tip mass enhance the vibration amplitude under small AC 
magnetic fields (2 Oe) [132], where the enhanced ME response allowed the cantilever to have 
improved the ME performance without needing to supply a DC magnetic field bias [77]. Later 
on, the nonmagnetic tip was replaced by a rare earth permanent magnet, where the 
ferromagnetic effect was introduced to enhance the vibration under magnetic fields [133]. The 
combination of mechanical torque and ferromagnetic effect shifts the resonance frequency of 
the cantilever to a lower frequency (≤ 100 Hz), and generates larger output voltage (57.3 
V/Oe).  Liu et al. proposed a low-frequency magnetic energy harvester by using simple 
bimorph cantilever made of PZT-5H plate, Cu beam and magnetic tip mass (NdFeB) [95]. The 
reported power density (11.73 µW/cm3) was one order of magnitude higher than most previous 
studies under same magnetic field [72]. However, to run a “low power consumption” sensor, a 
power of at least 150 µW is required [12]. Furthermore, an ancillary power storage unit with a 
complex electric circuit was also needed to supplement the output power, making the complete 
system complex and bulky [134].  
In recent years, some piezoelectric single crystals have been employed in ME 
composite for energy harvesting purpose due to their outstanding piezoelectric properties (d32 
~ 1850 pC/N for some piezoelectric single crystal) [88]. Annapureddy et al. designed a 




magnetic energy harvester utilizing low loss 0.4Pb(Mg1/3Nb2/3)O3-0.35PbZrO3-0.25PbTiO3 
(PMN-PZT) single crystal fibres and epoxy-Ni plate [99]. The output power is 0.7 mW under 
7 Oe AC magnetic field, which can charge a commercial battery and operate a small DC fan 
motor via a rectifier-charging circuit. However, the cost of PMN-PZT single crystal fibres is 
much higher than that of the commercially available PZT ceramics.  
In this chapter, we proposed a unimorph cantilever magnetic energy harvesting device 
using a PZT/Ni-NdFeB structure with a magnetic tip mass to harvest magnetic energy from a 
uniform magnetic field around a substation and around a power cable of a household device. 
The design, theoretical performance of the PZT/Ni-NdFeB magnetic energy harvester will be 
introduced. The ME coupling performance and power output property under different magnetic 
field and load condition will be experimentally tested. In addition, the power generating 
property was demonstrated by turning on 100 LEDs. In addition, the PZT/Ni-NdFeB cantilever 
was combined with a power storage circuit is used to intermittently operate a commercial 
wireless temperature and humidity sensor, revealing the potential application for the self-
powered wireless sensing system. 
3.2 ME Coupling Property of the Magnetic Torque Cantilever 
The magnetic torque cantilever usually utilizes permanent magnet NdFeB as the tip 
mass of the cantilever. The NdFeB is a kind of hard magnetic material with an outstanding 
remanent magnetization, Js ≈ 1.2 Tesla. The NdFeB tip mass can generate a large magnetic 
torque under a weak external magnetic field, being considered the best material utilizing in the 
magnetic torque cantilever. 
The magnetic torque cantilever can be simply categorised by their structure: bimorph 
and unimorph. The bimorph ME cantilever is a sandwich structure that consist of two 
piezoelectric layers. Unimorph ME cantilever is the structure that one piezoelectric layer 




attached on the base of the cantilever. Bimorph and unimorph show different characteristics 
due to the structure, thus it is not easy to give a conclusion that which one is better.  
3.3 Structure of Magnetic Torque Cantilever Beam 
3.3.1 Bimorph Structure 
A bimorph ME cantilever consists of two piezoelectric layers, as shown in Figure 3.1. 
In order to improve the flexibility, a metal layer is widely employed as the base and neutral 
layer between the two piezoelectric layers. To evaluate the ME coupling performance of a 
bimorph ME cantilever, the constitutive equations can be used. 
 
Figure 3.1 Schematic diagram of bimorph magnetic torque cantilever. 
 
The g type constitutive equations for the piezoelectric layer can be expressed as: 





𝐷 𝑇1,𝑝 + 𝑔31𝐷3 ,                    (3.1) 
𝐸3 = −𝑔31𝑇1,𝑝 + 𝐷3/𝜀33
𝑇 ,                      (3.2) 
where S is strain of piezoelectric phase, T is the stress, D is electric displacement component, 
E is the electric field component, s is the compliance constant of piezoelectric phase, g is the 
piezoelectric voltage coefficient. 
The constitutive equation for the metal layer can be expressed as: 
𝑆1,𝑚 = 𝑠11,𝑚𝑇1,𝑝,                     (3.3) 
where S is strain of the metal layer, s is the compliance constant. When bending occur, the 
strain S can be express as: 
𝑆 = −𝜅𝑧,                    (3.4) 
where κ is the bending curvature, z is the deflection of cantilever. Then T1,p, E and T1,m in 












𝑧,                          (3.7) 
The torque applied on a bimorph cantilever is: 



































,                                 (3.9) 
The magnetic torque applied on the free end due to the NdFeB tip mass is [135]: 
𝜆𝑚 = (𝑀 × 𝐵) ∙ 𝑉𝑚,                   (3.10) 




where M is the magnetization of the NdFeB, B is the external magnetic field, Vm is the volume 
of the NdFeB. Due to −𝜏𝑚 = 𝜏 = −Ω𝜅, combine Eq. (3.6), (3.8), (3.10), the output voltage of 
the bimorph cantilever is: 
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However, due to the distribution of electric field E in the thickness direction is not uniform, 









2 + 𝑡𝑝𝑡𝑚)|,                            (3.12) 
3.3.2 Unimorph Structure 
A unimorph ME cantilever consists of one piezoelectric layer. In order to improve the 
mechanical flexibility, employing metal base is a solution. A typical structure of unimorph ME 
cantilever is show in Figure 3.2. 
Compare with bimorph structure which the piezoelectric layers attached on the two side 
of the metal beam, only one piezoelectric layer attaches to the metal beam. As a result, the 
neutral surface may not on the geometric centre of the composite. Thus, based on Eq. (3.5) and 
(3.7) the stress equilibrium condition for the unimorph ME cantilever is: 
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,                         (3.14) 
For a unimorph cantilever, the applied torque is: 





) = −Ω𝜅,                    (3.15) 










𝐷 )  is the bending rigidity of the unimorph cantilever,  
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2 ,                          (3.16) 
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2,                             (3.17) 
By combine Eq. (3.6), (3.8), (3.10) and (3.15), under an external magnetic field, the 
output voltage from the unimorph cantilever is: 








2 + 𝑡𝑝(𝑡𝑚 − 𝑡𝑁)],                          (3.18) 









2 + 𝑡𝑝(𝑡𝑚 − 𝑡𝑁)],                     (3.19) 
 
Figure 3.2 Schematic diagram of a unimorph magnetic torque cantilever. 
 




3.4 Optimization and Simulation of the Magnetic Torque Cantilever 
In the following calculation, the piezoelectric material we used in the design is PZT-
5H, the substrate we use is magnetostroctive metal Nickle. The reason for using PZT-5H and 
Ni is that (1) PZT-5H is a soft piezoelectric ceramics with high piezoelectric coefficient that 
can provide good strain-electric property. (2) PZT-5H and Ni are commercial material, and it 
can acquire stable and repeatable performance with low cost. (3) Ni is a magnetostroctive metal, 
which has a high permeability and medium magnetostriction. We expect the coupling of 
magnetic torque and magnetostriction will enhance the ME effect in the cantilever. The detail 
parameters are listed in the Table 3.1. 













PZT-5H 14.1 -9.11 30 10 n/a 







3.4.1 Optimise of Thickness of the Cantilever Beam 
Based on equation (3.19), the ME coupling coefficient of PZT-5H/Ni can be affected 
by the PE layer and PM layer as show in Figure 3.1. When the PM layer is fixed, there is a 
thickness for the PE layer to allows the cantilever produces the maximum ME coupling 
coefficient. It can be general described as follow: when the tp >> tm, the Ni substrate will not 
be able to drive the piezoelectric layer, then it lead a decrease of αME. Alternatively, if tm >> tp, 




the ME coupling coefficient will decrease with the increase of the thickness of Ni. This is 
because the thick Ni beam will increase the decrease bending rigidity of the cantilever, 
according to equation (3.15). Then it will lead a decrease in bending vibration. Moreover, due 
to the unimorph structure, the tN is determined by the elastic compliance and the thickness ratio 
of the PM and PE layer, and it finally affects the ME effect. 
 
Figure 3.3 αME as a function of thickness ratio of tp at different tm. 
 
In our design, the thickness of the PZT-5H is fixed as 0.5 mm. The optimised thickness 
ratio for the PZT-5H/Ni ME cantilever should be ~0.52. The thickness of the Ni beam should 
be ~0.54 mm. By considering the thickness of the epoxy layer, the thickness of the Ni beam is 
chosen to be 0.5 mm. We use a simulation base on finite element analysis (FEA) to calculate 




the stress and electric field distribution with the chosen thickness ratio. As shown in Figure 3.4 
(a), the neutral surface is between the PZT ceramics and the Ni beam. As a result, the 0 voltage 
surface and high voltage will alternately occur at the bottom and top surface of the PZT 
ceramics, as Figure 3.4 (b) shown.  
 
Figure 3.4 (a) Cross section view of stress distribution in the composite. (b) Cross section view 
of electric field distribution of the composite. 
 
3.4.2 Optimise the Length of the Cantilever Beam 
In this section, we will optimise the length ratio of the proposed magnetic energy 
harvester. The main targets of this section include: (1) Find out the optimal length ratio. (2)  
Ensure the designed cantilever can reach the maximum efficient at 50 Hz.  From the equation 
(3.2), it can be noted that the generated electrical E depends on the applied stress. To optimise 
the length ratio, the PZT ceramics with different length of Ni beam are investigated. By using 
FEA simulation, the maximum stress in the PZT ceramics with different length ratio can be 
easily find out. Then resonant frequency depends on length is investigated to determine the 
length of the Ni beam. To meet the requirement of the definition of a long thin cantilever, the 
width of the cantilever will be smaller than 1/5 of its length. 




For a long thin cantilever (Figure 3.5), the resonant frequency of the cantilever is 







,                                                                                                 (3.20) 
 
Figure 3.5 Tip mass place on the free end of cantilever. 
 
Due to the thickness has been fixed, it will be equivalent to use the voltage output to 
investigate the bending property. The clamped area is defined at the one end of cantilever with 
no tip mass. The other end of the cantilever is free. The material of the PE phase is PZT-5H, 
and the material of the substrate is Ni. The relevant material property can be fined in the 
material library from the software.  
We defined a length ratio as: lp/lm, the lp is the length of the PE phase, and the lm is the 
length of the substrate. Figure 3.6 gives the simulated distribution of maximum stress depends 
on different length ratio. From the figure, it can be noted that when the length ratio is small 
which means the lm >> lp. In this part, a rapid bending will occur in the front of the edge of the 
PZT ceramics. As the result, the maximum stress in the PZT is small. Alternatively, when 
length ratio is in a very large value, the maximum stress become small. This is because with 
further increase of the length ratio, the damping effect of the PZT ceramics become significant. 




As the result, the bending amplitude of the cantilever decrease, and lead a small maximum 
stress in the PZT ceramics. The optimised length ratio for the proposed design is found to be 
about 0.45. Noted that the different elastic compliance between the PZT ceramics and the Ni 
can cause the stress/strain distribution is not uniform as a simple Ni beam.  
 
Figure 3.6 The maximum stress in the PZT ceramics of unimorph cantilever with different 
length ratio.  
 
Figure 3.7 displays the resonant frequency depends on different length of the Ni beam. 
The length of the Ni beam is range from 60 to 100 mm. The PZT is fixed with the length of 30 
mm. The width is equal to 1/5 of length to ensure it is in a long thin cantilever. The tip mass, 
cylinder shape Nd magnet is fixed at 4 g. From the figure, we can see with increase the length 
of the substrate the resonant frequency will decrease. For substrate of 100 mm, the resonant 




frequency is less than 40 Hz. While for shorter substrate, the resonant frequency is higher, e.g. 
for substrate of 60 mm, the resonant frequency is ~65 Hz. For substrate of 70 mm the resonant 
frequency is about 50 Hz. We choose that length in our design. Then the length of the PZT 
ceramics can be determined to be 30 mm. For a long thin cantilever, the width should be less 
than 1/5 of the length of the cantilever. Thus, in this design, the width of the cantilever is chosen 
as 10 mm. 
 
Figure 3.7 Maximum voltage dependence on frequency for different lengths, indicating 
resonant frequency depends on length in the insert. 
 




3.5 Equivalent Circuit for the Unimorph PZT/Ni-NdFeB ME Cantilever Beam 
It can be easily noted that, the length of the proposed cantilever significantly larger than 
the width and thickness. Meanwhile, the width is also much larger than the thickness. Thus, we 
can consider the cantilever is a one-dimensional beam, which means the shear strain of the 









,                                                                                                                                    (3.21b) 
where the wb is the bending deflection. The electrode is the top and bottom surface of the PE 
phase, thus the electric field strength E3 in the cantilever is not zero, the number 3 represent 
the direction of the electric field is along the z direction in the coordination. Meanwhile the 
stress in the axial direction T1 is not zero, thus the piezoelectric constitutive equitation can be 
rewrite as: 
𝑆1 = 𝑠11
𝐸 𝑇1 + 𝑑31𝐸3,                                                                                                                                (3.22a) 
𝐷3 = 𝑑31𝑇1 + 𝜀33
𝑇 𝐸3,                                                                                                                                    (3.22b) 




























The electric displacement D3 in the PE phase can be express as: 













,                                                                                                          (3.24) 
Based on equation (3.23a), (3.24), the bending moment due to the axial stress is: 






,                                                                                                  (3.25) 
where Ω is the bending stiffness,  𝜑𝑝 =
𝑑31𝑤𝑡𝑝
𝑠11
𝐸  is electromechanical coupling factor. 







,                                                                                                                            (3.26) 






,                                                                                                                           (3.27) 








,                                                                                                                      (3.28) 
At the clamped end, the boundary is: 
𝑤𝑏(0, 𝑡) = 0,                                                                                                                                                (3.29) 
𝜃1(0, 𝑡) = 0,                                                                                                                                                 (3.30) 
At the free end of cantilever, the boundary condition is: 
−𝑁(𝑙, 𝑡) = Ω
𝜕3𝑤𝑏
𝜕𝑥3
(𝑙, 𝑡) = (𝑚0 + Ω𝑚)
𝜕2𝑤𝑏
𝜕𝑡2
(𝑙, 𝑡),                                                             (3.31) 
where m0=ρmVm is the magnetic torque due to the Nd magnet, Ωm is bending torque due to the 
magnetostriction of the Ni beam. The simple harmonic motion wb(x,t) can be expressed as: 
𝑤𝑏(0, 𝑡) = 𝑊𝑏(𝑥)𝑒
−𝑖𝜔𝑡,                                                                                                              (3.32) 
We assumed that the rotation at the free end as: 
𝜃1 = 𝜃1(𝑙, 𝑡) = Θ𝑒
−𝑖𝜔𝑡,                                                                                                                  (3.33) 
Then the equation can (3.28) be rewrite as: 






= 𝑘4𝑊𝑏,                                                                                                                                            (3.34) 
where 𝑘 = (
2𝑤𝑡𝑝𝜌𝑝
Ω
𝜔2)1/4,                                                                                                                            (3.35) 
The general solution for equation (3.34) is: 
𝑊𝑏 = 𝐴 cos 𝑘𝑥 + 𝐵 sin 𝑘𝑥 + 𝐶 cosh 𝑘𝑥 + 𝐷 sinh 𝑘𝑥,                                                       (3.36) 
Where the parameter A, B, C, D can be determined via boundary condition (3.29). Then we 
can acquire following equation: 
𝐴 = −𝐶 =
Θ
2𝑘
(cos 𝑘𝑙+cosh 𝑘𝑙)−𝐾(sin 𝑘𝑙−sinh 𝑘𝑙)
(sin 𝑘𝑙 cosh 𝑘𝑙+sinh 𝑘𝑙 cosh 𝑘𝑙)−𝐾(1−cos 𝑘𝑙 cosh 𝑘𝑙)
,                                                (3.37) 
𝐵 = −𝐷 =
Θ
2𝑘
(sinh 𝑘𝑙−sinh 𝑘𝑙)−𝐾(cos 𝑘𝑙−cosh 𝑘𝑙)
(sin 𝑘𝑙 cosh 𝑘𝑙+sinh 𝑘𝑙 cosh 𝑘𝑙)−𝐾(1−cos 𝑘𝑙 cosh 𝑘𝑙)





,                                                                                                                        (3.39) 
Then the bending moment at the free end can be write as: 





(1+cos 𝑘𝑙+cosh 𝑘𝑙)−𝐾(sin 𝑘𝑙cos 𝑘𝑙−sinh 𝑘𝑙cosh 𝑘𝑙)
(sin 𝑘𝑙 cosh 𝑘𝑙+sinh 𝑘𝑙 cosh 𝑘𝑙)−𝐾(1−cos 𝑘𝑙 cosh 𝑘𝑙)
,                                                        (3.41) 
𝑍𝑚 is the equivalent mechanical impedance of the PZT-5H/Ni-NdFeB cantilever. 
 𝜃?̇? = 𝑗𝜔Θ,                                                                                                                           (3.42) 
𝜃?̇? is the rotate speed of cantilever. 
Due to the bending movement is leaded by the magnetic torque and magnetostriction, then we 
can have: 
𝑀𝑙 = (𝐽𝑠𝑉𝑚 + 𝑐11
𝑚 𝑑31
𝑚 𝑏𝑡𝑚)𝐻 = 𝜑𝑚𝐻,                                                                                  (3.43) 
Then 𝜑𝑚 = 𝐽𝑠𝑉𝑚 + 𝑐11
𝑚 𝑑31
𝑚 𝑏𝑡𝑚, can be defined as the magneto-mechanical coupling factor. 
The produced electric charge Q under the bending torque can be expressed as: 
𝑄 = −𝑤 ∫ 𝐷3
𝑙
0
𝑑𝑥,                                                                                                               (3.44) 




It can be further solve by considering the rotation motion boundary from equation (3.30) and 
(3.33): 
𝑄 = 𝐶0𝑉 − 𝜑𝑝𝜃𝑙,                                                                                                                  (3.45) 
where 𝐶0 =
2𝑤𝑙 33̅̅ ̅̅ ̅
𝑡𝑝
.  
The produced current can be solved by 𝐼 =
𝜕𝑄
𝜕𝑡
= 𝑗𝜔𝐶0𝑉 − 𝜑𝑝𝜃?̇?, while the ME voltage can be 




3.5.1 The ME Effect at the Resonant Frequency 
In this section, we will discuss the ME effect at the resonant frequency based on the 







,                                                                                                                   (3.46) 
where m is the mass of the cantilever. At the resonant frequency, the mechanical impedance Zm 








,                                                                                                                     (3.47) 
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,                                                                                                                           (3.49) 
where Qm is the mechanical quality factor of the PE phase. In this dissertation, that is the Qm 
of PZT-5H. 




It can be noted that the produced electric charge can reach the maximum value at the 




𝐻|,                                                                                                                                     (3.50) 




𝐻|,                                                                                                                              (3.51) 









2) is the parallel resonant frequency. 
 
Figure 3.8 The equivalent electric circuit of the PZT/Ni unimorph cantilever. 
 
3.5.2 Experimental Evaluation 
A cantilever magnetic energy harvester based on the design is fabricated. The detailed 
parameters are list in Table 3.2. The ME voltage from the PZT/Ni-NdFeB cantilever will be 
recorded, and comparison between theoretical result and experimental data will be made. 
Table 3.2 Detail parameter of the magnetic energy harvester. 








Ni 70 10 0.5 n/a 
PZT-5H 30 10 0.5 n/a 
NdFeB 
magnet 
5 (cylinder) n/a 3 4 
The piezoelectric ceramic is poled at 10 kV/cm in room temperature and adhered with 
the Ni beam by conducting epoxy (MG Chemicals silver conductive epoxy adhesive 8330), the 
thickness of the epoxy layer is about 0.1 mm. One end of the cantilever is clamped, and NdFeB 
magnet with weight of 4 g is attached on the free end. The cantilever is placed in the central of 
a Helmholtz coils.  
Figure 3.9 shows the schematic diagram of the proposed PZT/Ni-NdFeB unimorph 
cantilever. The beam is clamped by aluminium holder. The AC magnetic field is parallel to the 
length direction of the cantilever. With external magnetic field applied, the bending vibration 
due to magnetic torque, causing electrical charge on the two surfaces of the PZT ceramic via 
piezoelectric effect. A lock-in amplifier RS 830 (Stanford Research System) is employed to 
control the excitation to the Helmholtz coils, and record voltage data from the unimorph 
cantilever. The magnetic field is about 0.1 Oe, the frequency ranges from 30 Hz to 60 Hz.  





Figure 3.9 The schematic diagram of the experiment setup. 
 
Figure 3.10 shows the comparison between the theoretical result and measured data. 
The simulation data predicts a peak voltage 1.2 V at 50 Hz (0.1 Oe). The measured data exhibit 
1.1 V at 50 Hz. From the figure, it can be easily noted that the theoretical result agrees with the 
experiment. The feasibility of the equivalent circuit method can be proved. In addition, 
compared to pure magnetic torque ME cantilever, the combination of magnetostriction and 
magnetic torque is able to generate larger stress and tip displacement. The different between 
the two types of ME cantilever is ~50%, as shown in Figure 3.11. As a result, an enhancement 
on the ME effect is found to be ~40% is exhibited for this design as shown in Figure 3.12.  














Figure 3.11 Comparison of maximum stress and maximum tip displacement between PZT/Ni-
magnet ME cantilever and PZT/Cu-magnet ME cantilever. 
 
 
Figure 3.12 Comparison of ME voltage from PZT/Ni-NdFeB ME cantilever and PZT/Cu-
NdFeB ME cantilever. 




3.6 The ME Coupling Property of Magnetic Energy Harvester 
In this section, we will investigate the ME coupling property of the fabricated device. 
First, we will demonstrate the giant ME effect around its resonant frequency (30 Hz to 60 Hz). 
Then the linear region and impedance matching issue will be experimentally presented and 
discussed. At last, the power generating property will be demonstrated via three experiments: 
(1) Turn on a LEDs array. (2) Charging a capacitor. (3) Turn on a wireless 
temperature/humidity sensor. 
3.6.1 Description of the Test System 
Fig. 3.13 shows a schematic picture and photograph of the experiment setup. To mimic 
the real scenario of a power transmission area, the resonant frequency of the cantilever should 
be 50 Hz to maximize the output power. See section 3.5.2 in chapter 3 for the detailed 
dimension of the device. The piezoelectric component was adhered to the Ni beam by 
conductive epoxy (MG Chemicals silver conductive epoxy adhesive 8330) and cured for 24 h 
at room temperature. A set of Helmholtz coils was designed to produce a uniform AC magnetic 
field along the length direction of the device under applied AC electric signal via a lock-in 
amplifier RS 830 (Stanford Research System). The magnetic field was measured by a Gauss 
meter (CTS27). The magnetostrictive strain in the Ni beam is generated by the external 
magnetic field (in our case, from the Helmholtz coils). Meanwhile, due to the magnetization 
direction of the magnet and external magnetic field being in different directions, the magnet 
will align with the external magnetic field due to the magnetization effect, generating a 
magnetic torque. The piezoelectric component is adhered to the Ni beam by conducting epoxy, 
with the magnetostrictive strain and magnetic torque are exerted on the piezoelectric 
component, leading to induced electric charges in the PZT ceramics by the direct piezoelectric 
effect. 











Figure 3.13 (a) Schematic view of the PZT/Ni-NdFeB energy harvester. (b) Photograph of the 
experimental setup (without the Helmholtz coil) (c) Photograph of the experimental setup (with 
the Helmholtz coil). 
 
3.6.2 Giant ME Effect in the PZT-5H/Ni-NdFeB Energy Harvester 
Figure 3.14 shows the ME coupling properties and energy harvesting performance of 
the PZT/Ni-NdFeB magnetic energy harvester. The ME coupling coefficient αME is determined 




(𝑉/𝑐𝑚 ∙ 𝑂𝑒),                                        (3.52) 
where Vout is the output voltage, Hac is the stray field strength and tp is the thickness of the 
piezoelectric component. In this experiment, the excitation of the AC magnetic field was 0.5 
Oe. The load resistance RL is 1 MΩ. The two NdFeB magnets are attached to the free end of 
the cantilever as a tip mass. The total weight of the tip mass is 4 g. From the figure, a giant ME 




effect with the ME coupling coefficient of 220 V/cm·Oe is exhibited at resonance frequency 
of 50 Hz. 
 
Figure 3.14 Frequency response of the PZT/Ni-NdFeB magnetic energy harvester with a giant 
ME effect. 
 
3.6.3 Linear Region of the Device 
Based on equation (3.18) and (3.51), the ME output voltage corresponds to coupling 
coefficient φp and external magnetic field, which is proportional to the external magnetic field 
linearly. In the experiment, within a certain range of magnetic field the ME voltage linear 
increase with the increasing of amplitude of magnetic field. However, with further increase the 
amplitude of excitation, the ME voltage will not follow the calculated αME as that in the low 
amplitude. The increment of the ME voltage tends to decrease at high amplitude of magnetic 




field. While the magnetic field is far smaller than the field needed for magnetic saturation of 
the material. A general reason for this phenomenon is that when a high amplitude excitation is 
applied, the vibration of the cantilever will increase. Meanwhile, the nonlinearity of geometric 
and the damping due to the air will increase in the larger bending vibration. The combination 
of those effects which cause the cantilever not to follow the theoretical ME coupling property 
is called nonlinear damping. 
As shown in Figure 3.15, the black dot represents the measured output voltage under 
different AC magnetic field. While the red dot-line curve represents the predicted voltage 
output. The measured output voltage increases from 1.6 to 4V linearly over Hac of 0.056 to 
0.16 Oe. With further increasing the Hac, the output voltage becomes saturated and behaves 
nonlinearly, which is owing to the increase of complex coupled damping effect from geometric 
nonlinearity, inertia nonlinearity, material nonlinearity and the increase of vibration damping 
in the air.  





Figure 3.15 Hac at resonance frequency dependence of the ME voltage of the PZT/Ni cantilever.  
 
3.6.4 Impedance Matching at Different Load Resistance 
The load resistance can affect the frequency response of the cantilever. According to 
the equivalent electrical circuit method, the measured voltage with connected external 





| 𝐻             (3.53) 
where RL is the external resistance, Zm is the mechanical impedance of the PZT/Ni cantilever, 
φm is the magneto-mechanical coupling coefficient, φp is the mechanical-electrical coupling 
coefficient, C0 is the capacitance, H is the external magnetic field. Thus, with decrease of the 




load resistance RL, the maximum value of V and angular frequency coefficient jωC0RL decrease, 
leading the decrease of measured voltage and resonance frequency. 
Figure 3.16 illustrates the frequency dependent ME voltage of the PZT/Ni cantilever 
with 4 g tip magnetic mass as function of external load resistance. The AC magnetic field is 2 
Oe. As shown in the Figure, the peak voltage Voc is 0.74 V (48 Hz) with a load of 60 kΩ. The 
ME coupling coefficient at on/off resonance frequency steadily increase with increasing the 
load resistance. Of significance is that the value of Voc increases from 13.3 (~140 V/cm·Oe) to 
20.7 V (230 V/cm·Oe) with the load increasing from 200 to 850 kΩ, while the resonance 
frequency remains the same value of 52 Hz. The inset Figure displaces the measured impedance 
spectrum of the cantilever. It can be noted that, when the applied resistance is smaller than 100 
kΩ, the peak voltage will only occur at the resonant frequency (48 Hz). This is because the 
electric loss at this frequency is minimised. While with the resistant load larger than 210 kΩ, 
the electric loss in the whole circuit is minimised at the anti-resonant frequency. 





Figure 3.16 Frequency response of the ME composite (50 Hz, Hac = 2 Oe) depend on external 
load resistances: 60-850 kΩ. The obtained maximum Voc is 20.7 V (230 V/cm·Oe), being lower 
than that in open circuit condition, due to the power consumption of the external load. 
 
3.6.5 Power Output Property of the PZT/Ni-NdFeB ME Cantilever 
Figure 3.17 illustrates the measured DC voltage and DC current as a function of load 
resistance under different magnetic field. With increasing RL, the measured voltage steadily 
increased. Under the magnetic field of 2 Oe, the DC voltage saturates and reaches 15.8 V. On 
the contrary, the maximum DC current are 36, 65, 86 and 114 µA, respectively at RL = 60 kΩ 
as function of applied magnetic field. 





Figure 3.17 Voltage/Current output as function of load resistance RL under AC magnetic field 
of 0.5, 1, 1.5 and 2 Oe at 50 Hz. 
 
Figure 3.18 shows the power density depend on RL. The power density is calculated by 





 ,          (5.2) 
where Vdc is the output DC voltage, RL is the electric resistance, V is the volume. As shown in 
the Figure 3.16, the peak power is acquired with RL = 200 kΩ, exhibiting power densities of 
0.4, 1.4, 2.5 and 4.6 mW/cm3 under Hac = 0.5, 1, 1.5 and 2 Oe respectively. 





Figure 3.18 The power density as function of external resistance RL, exhibiting the peak values 
of 0.4, 1.43, 2.5 and 4.6 mW/cm3 at Hac = 0.5, 1, 1.5 and 2 Oe respectively, where the 
corresponding output power are 0.08, 0.27, 0.5 and 0.85 mW. 
 
3.6.6 A Self-powered Self-maintain Wireless Sensing System Utilizing Wasted Magnetic 
Energy 
Figure 3.19 represents the charging voltage in the 220 µF capacitor by the PZT/Ni-
magnet cantilever under different magnetic field, at the frequency of 50 Hz. The whole 
charging circuit include of the PZT/Ni-magnet cantilever, a full-wave rectifier, and a capacitor 
(10 V 220 µF). The voltage on the capacitor is recorded by a digital oscilloscope. As shown in 
the Figure, under the AC magnetic field of 0.5 and 1 Oe, the voltage in the capacitor costs 
around 120 s to reaches and saturates at 2 V and 5 V respectively. The PZT/Ni-magnet 
cantilever can fully charge the capacitor in 120 s at Hac above 1.5 Oe, while the charge time 




comes shorter with increasing the applied magnetic field, exhibiting great potential in charging 
a monitoring system. 
 
Figure 3.19 Charging voltage of a 220 μF capacitor as a function of times under different 
magnetic field. 
 
To evaluate the feasibility in supporting a low energy consuming unit, the PZT/Ni-
magnet cantilever has been used as the only power source to light a LEDs array. The LEDs 
array is built by 100 parallel connected commercial LEDs. An AC-DC rectifier (MIC W04M) 
has been employed to convert AC voltage into DC voltage. The AC magnetic field is 2 Oe with 
frequency of 50 Hz mimicking the real scenario of power transmission areas. As shown in 
Figure 3.20, the cantilever can light the LEDs array, showing a great self-powering capability 
in supporting low energy consumption unit.  





Figure 3.20 demonstration of turning of the LEDs array: (a) configuration of the energy 
harvester and the Helmholtz coils. (b) LEDs on. (c) LEDs off. 
 
We then proposed to the combine the energy harvester and a wireless sensor into a self-
powered self-maintain sensing system. The electric circuit and operating principle is shown in 
Figure 3.21. The magnetic energy harvester will generate an AC voltage from the external 
magnetic field. Then an AC/DC rectifier is employed to convert the AC voltage into DC voltage, 
which can be used for most sensor. We use a 5V 4.7 mF capacitor as an accumulator to stable 
the current and a power storage for the system. When the magnetic energy harvester is placed 




in the magnetic field, the generated power will be converted into DC voltage and DC current, 
then first storage in the capacitor. This is because the power from the energy harvester is a 
wave, instead of a stable output as a battery. Without the capacitor, the sensor will not be able 
to be turned on due to the fluctuating power. Furthermore, the high DC current and DC voltage 
can break the sensor. Then when the switch is turned on, the sensor will send the temperature 
and humidity information to a receiver e.g. a smart phone via blue tooth.  
 
Figure 3.21 the electric circuit and operating principle of the self-maintained, self-powered 
sensing system. 
 
Figure 3.22 displays FEA simulation for a static magnetic field around a kettle cable 
with 10 A current. The core material is defined as Cu, and the isolated material is defined as 
rubber. This simulation gives the relationship of the intensity of magnetic field depends on the 
distance to the edge of the kettle cable. From the figure, it can be noted that the maximum 
intensity is found to be 8 × 10-5 T (0.8 Oe) at the edge of the kettle cable. The magnetic field 
will decrease as increase of the distance DCable. When the DCable =3 mm, which is around the 
position for the energy harvester, the magnetic field is around 2× 10-5 T (0.2 Oe).  





Figure 3.22 FEA for the magnetic field distribution around a 10A power cable. 
 
Figure 3.23 (a) exhibits that the PZT/Ni cantilever generating clear sinusoidal voltage 
from both situations. The output peak voltage from the uniform magnetic field and power cable 
are found to be 18 V and 2.4 V, respectively. Because the cantilever is operated at an open 
environment, the noise from the environment cannot be cancelled. As the blue line shown in 
the Figure, the noise from the environment is calibrated to be about 0.02V. The noise ratio is 
calculated to be about 1‰ (2 Oe), and 1% (Kettle cable) of the measured signal. Note that the 
noise from the environment can be neglected. The amplitude of the generated voltage is higher 
than the required voltage of the sensor (1.5 V), providing abundant potential to turn on the 
sensor. Figure 3.23 (b) shows the charging voltage on the capacitor as a function of charging 
time, under a uniform magnetic field and around the kettle cable, respectively. At 2 Oe uniform 
magnetic field, the measured voltage reaches 8.4 V in 70 min, then remains at the same value. 
On the other hand, the voltage reaches around 2.3 V in about 60 min with the magnetic field 




𝐶𝑉2, the calculated energies in the capacitor are found to be 165 mJ and 13 mJ, 
respectively.   





Figure 3.23  (a) The output voltage at 0 Oe (environmental noise), power cable and the 2 Oe 
magnetic field. (b) Measured charging curve in 2 Oe uniform magnetic field and in the 
magnetic field near a kettle cable. 
 
Figure 3.24 (a) shows a real-time experiment on sensing on the temperature and 
humidity in a room. By charging the capacitor for about 10 min, the measured voltage on the 
capacitor is 2 V, the stored energy is calculated to be about 10 mJ. The device is able to turn 
on the sensor for about 10 s, with the temperature and humidity are displayed on the LCD 
screen and sent to a smart phone via a built-in Bluetooth transmitter. When the sensor is turned 
on, the voltage drops down sharply, and the sensor will turn off when the voltage is below 1.3 
V. Figure 3.24 (b) shows the feasibility of self-powered experiment under magnetic field near 
the kettle cable. It takes about 60 min to charge the capacitor to 2.3 V, then the sensor is enabled 
for about 10 s. These results clearly demonstrate that the feasibility of the proposed PZT/Ni-
NdFeB cantilever for used as an energy source for a self-powered system, scavenging ambient 
magnetic energy ubiquitously existing around household appliances. 
 
 





Figure 3.24 (a) Test of the self-powered sensing system (Temperature: ± 0.3 ℃, Humidity: ± 
0.3 %) using PZT/Ni-NdFeB cantilever as the power source (2Oe, 50 Hz). (b) Test of the self-
powered sensing system using PZT/Ni-NdFeB cantilever as the power source (Kettle cable). 





In this chapter, first we introduced the optimization of the geometry of the PZT-5H/Ni-
NdFeB magnetic energy harvester. We systematically demonstrate the process of optimisation 
of the thickness ratio, length ratio and the resonant frequency via both numerical and FEA 
method. Then we detailed the process of evaluating the ME performance of the proposed device 
via the equivalent circuit method. The theoretical performance of the device has been fully 
study. That demonstrate the accuracy of the theory. 
Then the PZT-5H/Ni-NdFeB magnetic energy harvester has been systematically tested. 
A giant ME effect with the αME ~220V/cm·Oe is exhibited at the resonant frequency of 50 Hz. 
The linear region and impedance matching issue has been experimentally investigated and 
discussed. Finally, we proposed the magnetic energy harvesting experiment to demonstrate the 
power output property of the magnetic energy harvester. Under 2 Oe magnetic field, the energy 
harvester can turn on a 100-LEDs-builted array. The charging property is investigated by 
charging a capacitor under different magnetic field. Furthermore, under both 2 Oe uniform 
magnetic field and the magnetic noise from a kettle cable, the device can turn on the wireless 
sensor, which demonstrate a promising application for the Internet of Things (IoTs). However, 
a limitation for this magnetic energy harvester is the narrow bandwidth. The device can only 
reach it maximum efficiency at 50 Hz. For the frequency of 60 Hz, it shows very low efficiency.  
 
 




Chapter 4  
Design of the Nonlinear Magnetic Energy Harvester 
4.1 Introduction 
In recent research, the magnetic energy harvester using the cantilevered ME composite 
can harvest a small scale of power to turn on some low power consumption devices, such as an 
LEDs array or a wireless sensor. The cantilevered ME composite shows a promising 
application in the energy harvesting area. However, the operating bandwidth of a cantilever 
structure is narrow, only about 2~3 Hz at the low frequency range (<100 Hz). Therefore, the 
energy harvesting efficiency of those devices can significantly decrease when the resonant 
frequency of energy harvester does not meet the frequency spectra of the environment. In order 
to maintain a high efficiency over a large frequency range, researchers concentrate on magnetic 
energy harvesters with a large operating bandwidth. 
In the past, researchers have proposed using ME composite array to achieve a large 
operating bandwidth [51,137]. The ME cantilever array consists of more than two cantilevered 
ME composites. Due to each ME composite has a different resonant frequency, the array can 
respond to different frequencies. Therefore, the operating bandwidth of the array is the 
combination of the bandwidth from each cantilever, which is significantly larger than that of a 
single cantilever. A disadvantage can be noted that, the power density of the ME composite 
array is low, and the system is bulky. Recently, the nonlinear cantilever has become of research 
interest due to it is large operating bandwidth and simple structure [138-140]. However, the 
nonlinear ME composite for magnetic energy harvesting has seldom been reported. 
In this chapter, we proposed a broadband magnetic energy harvester using a nonlinear 
cantilevered ME composite. The proposed device consists of a unimorph ME composite and a 




mechanical stopper. This device can nonlinearly respond to the frequency of a small magnetic 
field and gives a wide operating frequency. The ME coupling performance and operating 
frequency of this nonlinear magnetic energy harvester has been experimentally tested.  The 
relationship between the position of the mechanical stopper and the operating bandwidth, the 
output properties have been experimentally investigated. To study the output property, the 
output voltage of the broadband energy harvester under different load resistance and magnetic 
fields have been recorded. Last but not the least, the output power curve and charging 
experiment has been conducted to illustrate the feasibility and efficiency of the nonlinear ME 
composite beam in magnetic energy harvesting.   
4.2 System Description 
The system shown in Figure 4.1 is the schematic view of the nonlinear magnetic energy 
harvester with a PZT/Ni cantilever beam carrying the cylinder NdFeB magnet as tip mass; one 
end of the cantilever is fixed by the clamp, while the other end with the tip mass is free. The 
Ni beam with length lNi, width bNi and thickness tNi has dimensions of 70, 10, and 0.5 mm, 
respectively. The cylinder tip mass NdFeB magnets are attached on both side of the free end 
of the Ni beam weight 2 g, with a dimension of 5 (radius)× 3(thickness) mm. The piezoelectric 
ceramics PZT-5H with length lPE, width bPE and thickness tPE has dimensions of 30, 10, and 
0.5 mm is bonded on the clamped end of the cantilever by electrical conduction epoxy. On the 
other side of the cantilever, the mechanical stopper is made of a stainless nail, which is placed 
at a fixed position. The distance between the cantilever and the top of the mechanical stopper 








Table 4.1 Detailed parameters of the nonlinear ME cantilever. 







Ni 30 10 0.5 n/a n/a 
PZT-5H 70 10 0.5 n/a n/a 
NdFeB 
magnet 
5 (cylinder) n/a 3 4 n/a 
Stopper n/a n/a n/a n/a 0.5  
 
 
Figure 4.1 Schematic view of the nonlinear magnetic energy harvester. 
 
4.3 Experimental Setup 
To evaluate the performance of the nonlinear magnetic energy harvester. We proposed 
an open loop system, which consists of the function generator, Helmholtz coils, nonlinear 




magnetic energy harvester and an oscilloscope. The Helmholtz coil is used to generate a 
uniform sinusoidal magnetic field in the transverse direction to allow the magnetic flux cross 
through the Ni beam. The frequency and the amplitude of the signal are controlled by a signal 
generator.  The swept sine magnetic field in the form of Asin(2ωt) with A and ω being the 
amplitude and frequency of the magnet field. An oscilloscope is used to record the voltage 
signal from the cantilever. The schematic view of the experimental setup is shown in Figure 
4.2. The magnetic field is varied from 0.5 Oe to 2 Oe which is similar to the electromagnetic 
environment near electric appliances.  
 
Figure 4.2 Experimental setup of the open loop system. 
 
 




4.4 Experimental Result for Frequency Response 
The magnetic energy harvester with a nonlinear dynamic was experimentally 
investigated when the nonlinear ME composite is excited over a range of frequencies. In this 
section, we will investigate the ME response property of the nonlinear magnetic energy 
harvester as follows: (1) effect of the position of the mechanical stopper on the frequency 
response, (2) the nonlinear vibration due to the HAC, (3) voltage distortion in the nonlinear 
vibration, (4) operating bandwidth in the forward and reverse frequency sweep, (5) ME 
response at different load resistance.  
4.4.1 Position of the Mechanical Stopper Effect the Frequency Response 
A non-dimensional frequency has been introduced in this section as the excitation 
frequency divided by the first fundamental resonant frequency of the energy harvester (ω/ ω0).  
The experimentally acquired frequency-response curves are presented referring to the positive 
voltage as shown in Figure 4.3. The black curve is the frequency response without the 
mechanical stopper. In this condition, the magnetic energy harvester has a linear relationship 
with frequency excitation, finding the natural resonant frequency ω0 ~50 Hz with the αME ~ 230 
V/cm·Oe. The operating bandwidth can be defined as the half-voltage region, which is found 
to be about 3 Hz. The blue curve represents the frequency response when the mechanical 
stopper is placed at position of 4 cm in the x direction. A clear discontinuous jump up and jump 
down points in the curve can be noted, which are attributed to the nonlinear vibration of the 
ME cantilever. An internal resonant vibration occurs at the frequency range from 0.9 (45 Hz) 
to 1.05 (52 Hz). After the internal resonant region, the amplitude continues to grow until 
reaching the maximum αME ~200 V/cm·Oe, then the response falls to the lower stable branch. 
From the figure, it can be noted that with different arrangements of the mechanical stopper, the 
measured operating bandwidth is different. Thus, there is an optimal position to access the 




maximum operating bandwidth. When the mechanical stopper is placed at position of 4.3 cm, 
the half-voltage region is found from 1 (50 Hz) to 1.28 (64 Hz). With a further increase in the 
distance, both the ME effect and the half-voltage region decrease. The reason is that when the 
stopper is place in a far position e.g. 4.5 cm or 4.65 cm, the large damping force from the 
stopper will significantly decrease the amplitude of the tip and hence the voltage output 
decreases. On the other hand, when the stopper is placed in the near position of 4 cm, the small 
damping force cannot maintain the internal resonant vibration. The bandwidth with different 
positions is summarized in Table 4.1. 
 
Figure 4.3 Frequency response depends on non-dimensional frequency with different 
arrangement of mechanical stopper. 
 
 




Table 4.2 Comparison of Maximum αME and Bandwidth for Different Stopper Positions. 
Position (cm) αME (V/cm·Oe) Bandwidth (Hz) 
No stopper 230 3 
4 210 7 
4.3 200 12 
4.5 170 8 
4.65 150 6 
4.4.2 Nonlinear Vibration under Different HAC  
Figure 4.4 shows the voltage wave under different AC magnetic field amplitudes when 
the mechanical stopper is placed at 4 cm. Under a 0.5 Oe AC magnetic field, the beam cannot 
reach the stopper due to the small amplitude of vibration at low excitation. In this situation, the 
positive voltage amplitude is generally equal to the negative voltage amplitude. Under a 1 Oe 
magnetic field, the beam reaches the stopper and nonlinear vibration occurs. From the red curve 
in the figure, the positive voltage amplitude is about 2 V smaller than the negative voltage 
amplitude. This is attributed to one side arrangement of the mechanical stopper. When the 
amplitude of the magnetic field increases to 1.5 Oe, the positive voltage amplitude shows a 
slight increase from 10 V to 15 V, while negative voltage amplitude increases from 12 V to 
~20V. However, with further increases in the magnetic field, very little increase in the 
maximum voltage can be observed. A similar situation can be also observed when the 
mechanical stopper is placed on 4.3, 4.5 and 4.65 cm, as shown in Figure 4.5 (a) to (c). 





Figure 4.4 Voltage wave as a function time under different magnetic fields. 





Figure 4.5 Voltage wave as a function time under different magnetic field with mechanical 
stopper placed at: (a) 4.3 cm (b) 4.5 c (c) 4.65 cm. 




4.4.3 Voltage Distortion due to the Mechanical Stopper. 
As mentioned above, the nonlinear behavior of the energy harvester is due to the beam 
vibration and the nonlinear damping force from the mechanical stopper. The complex damping 
and vibration in the beam can lead to an internal resonance in the system. The mechanical 
impact between the beam and the mechanical stopper can cause the voltage amplitude from 
one side to be smaller than the other side due to the damping effect from the stopper. 
Furthermore, the impact can also lead a distortion in the voltage curve. The distortion can be 
attributed to the small sub-vibration inside the beam. Figure 4.6 displays the voltage wave at a 
2 Oe magnetic field with different stopper positions. Clearly, the voltage distortion reaches the 
maximum at the crests and troughs of the voltage wave, which can be attributed to the impact 
between the beam and the stopper. Some small distortion between the crests and troughs can 
be attributed to the small vibration due to the distortion of vibration. 
 




Figure 4.6 Voltage wave as a function of time: at 2 Oe magnetic field, with different stopper 
positions. 
 
4.4.4 Forward Sweep and Downward sweep Effect on the Frequency Response. 
Figure 4.7 (a)-(d) shows the frequency-response curves of forward/reverse frequency 
sweeps with different stopper positions. The frequency range is chosen from 30 Hz to 70 Hz to 
fully cover the resonant region of the energy harvester. The results have been plotted together 
to further demonstrate the change of effective operating bandwidth. The natural resonant 
frequency of the energy harvester is found to be 50 Hz, referring to Figure 4.3. The complex 
nonlinear frequency-response can be observed, and multiple data points referring nonlinear 
vibration occur at most frequencies, as shown in Figure 4.7, this is attributed to the forwards 
and reverse frequency sweeps over the frequency range. When the energy harvester is excited 
in the magnetic field, the system displays a strong hardening-type nonlinearity bifurcated from 
a frequency of 45 Hz, which means the principal parametric resonant with their resonances 
shifting towards the right. The hardening-type nonlinearity is attributed to the more complex 
nonlinear geometry in the cantilever. Meanwhile, the nonlinear dynamic behavior can be 
characterized by having two discontinuity points. Experimentally, those points occur as jump 
down and jump up points or sudden growth in the response; there is a response at a specific 
excitation frequency, which is the result of combing the forward and reverse frequency sweeps. 
Furthermore, an advantage of the nonlinear magnetic energy harvester is that the effective 
operating frequency range occurs as the two branches combine at the jump down point of the 
fundamental resonant frequency, found to be 50 Hz to 60 Hz. The operating bandwidth from 
the nonlinear one is slightly larger than that from the natural one. 





Figure 4.7 Frequency response for the energy harvester in the forward and reverse sweep with 
different stopper positions.  
 
4.4.5 Frequency Response at Different Load Resistance 
Impedance matching in a linear magnetic energy harvester has been discussed in section 
3.6.4. Note that resistance load can significantly affect the output property of a linear magnetic 
energy harvester. As a result, when the load is varied from small load condition to large load 
condition, the energy harvester may not operate at its maximum efficiency. In this section, we 
will discuss the ME voltage output property of the nonlinear magnetic energy harvester under 
different load condition and excitation amplitudes.  




Figure 4.8 (a) displays the frequency response curve with different load condition under 
a 1 Oe magnetic field with frequency sweeps from 35 to 70 Hz. The mechanical stopper is 
placed at 4.3 cm to give the maximum operating frequency range. Clearly, with an increase in 
the resistance load, the ME voltage increases. This is attribute to the increase of the power loss 
in the circuit under small load condition. Also, the low resistance also reduced the vibration 
amplitude of the cantilever, which cannot be explained by impedance matching. This 
phenomenon can be clearly observed from the green curve in the figure, which represents the 
frequency response curve under 20 kΩ.  As shown in the figure, the vibration at the frequency 
range from 50 Hz to 60 Hz is not very stable, this does not occur in the Figure 4.8 (b) which 
shows results at a larger magnetic field amplitude. Clearly, this unstable curve is attributed to 
the small vibration amplitude at low resistance load. Therefore, it can be assumed that the low 
resistance load may change the damping property of the piezoelectric ceramics due to the larger 
current across the ceramics decreasing the vibration amplitude. In addition, it can be noted that, 
for a load resistance larger than 800 kΩ, the voltage amplitude shows no increase with the load. 
Thus, the data for 900 kΩ to 1 1MΩ are fully covered by the data from 800 kΩ. In this condition, 
voltage output is very close to the voltage amplitude measured at the open circuit condition, 
this is similar to the situation for a linear energy harvest as shows in Figure 3.14. An advantage 
of the nonlinear magnetic energy harvester, compared to the linear magnetic energy harvester 
is that, impedance matching shows little effect on a nonlinear magnetic energy harvester. This 
may attribute to the nonlinear response to the frequency. The nonlinearity allows the 
cantilevered magnetic energy harvester to give a more stable output property at its resonant 
frequency range than that for a linear one.  










Figure 4.8 Frequency response of the nonlinear magnetic energy harvester under (a) 1 Oe and 
(b) 2 Oe magnetic field with load conditions from 20 to 1000 kΩ. (forward sweep) The voltage 
curve for 900 kΩ to 1000 kΩ are fully covered by the data for 800 kΩ, due to no increase.  
 
4.4.6 Voltage Output Depends on HAC 
As it is discussed in section 4.2.2, for a nonlinear energy harvester, there is a 
discontinuous jump up point that increases the voltage output in a range of frequencies. This is 
attributed to the internal resonance in the nonlinear system. The jump up point can be also 
observed when changing the amplitude of HAC, because the HAC directly affects the vibration 
amplitude. As shown in Figure 4.9, the red curve represents the ME voltage from the linear 
energy harvester, which follows the equation (3.53); the ME voltage shows a linear increase 




with increase of the magnetic field amplitude. For the nonlinear energy harvester displayed by 
the black curve, from 0.5 to 0.7 Oe, the nonlinear energy harvester response linearly to the HAC, 
due to the small vibration on the tip. When HAC = 0.8 Oe, a jump up point and a sudden growth 
in voltage amplitude can be observed in the voltage curve. However, with further increases in 
the amplitude of HAC, it shows very little impact on the ME voltage. In addition, at a HAC range 
from 0.8 Oe to 1.5 Oe, the advantage of the nonlinear magnetic energy harvester is that the 
voltage amplitude is clearly higher than that from a linear magnetic energy harvester. This 
demonstrates a higher ME coupling efficiency at a specific range of magnetic field. 
 
Figure 4.9 Comparison of ME voltage: response of linear and nonlinear magnetic energy 
harvester to changes in magnetic field amplitude. 
 




4.5 Power Output Depends on Resistance Load 
The power output property is critical for an energy harvester. In this section, the output 
property of the nonlinear magnetic energy harvester will be experimentally investigated. To 
find out the maximum output power, the nonlinear magnetic energy harvester was tested under 
different load conditions. A charging experiment was also performed to examine the charging 
properties. Finally, the nonlinear magnetic energy harvester was used to turn on a LEDs array 
at 2 Oe HAC with the frequency of 50 and 60 Hz, to test its feasibility at the designed frequency 
range.  
As discussed in the last section, the voltage and power output are small at a small 
external load resistance condition. This is because the small resistance load can lead to a higher 
loss in the circuit, and reduce the vibration amplitude. The power output curve for the nonlinear 
magnetic energy harvester is very different from that for a linear magnetic energy harvester. In 
this case, we chose three amplitudes of HAC 1, 1.5 and 2 Oe, with the frequency at 60 Hz, and 
record the output power at resistance loads ranging from 1 kΩ to 1MΩ. For all three power 
curves shown in Figure 4.10, two peaks can be observed. The first peak is exhibited at the load 
Rl ~ 5 kΩ. This is attributed to the jump up in the voltage output and tip vibration of the 
nonlinearity of the magnetic energy harvester; the device is able to output large power at a 
small load condition. The second small peak is exhibited at Rl ~ 100 kΩ, this is the attributed 
to impedance matching. Clearly, the advantage of the nonlinear magnetic energy harvester is 
that the nonlinear structure allows the piezoelectric ceramics based magnetic energy harvester 
to maintain a large vibration and voltage output when the system is connected with a small load 
resistance. It has an increased power efficiency at a small load condition. 





Figure 4.10 Comparison of power output of the nonlinear magnetic energy harvester under 
different amplitudes of HAC. 
 
The power output properties of the nonlinear magnetic energy harvester have been 
further tested by charging a 10V, 220 μF capacitor, which is the same capacitor as used in 
section 3.7. In the test, the HAC is chosen as 2 Oe, the test frequency is chosen at 50 and 60 Hz. 
The voltage-time curve for both of the frequencies are plotted in the same figure for comparison. 
It is shown in Figure 4.11 that, the measured voltage starts from the initial condition, where 
output voltage is 0 at the time is 0 second. When the nonlinear magnetic energy harvester is 
operating under HAC = 2 Oe, 60 Hz, the measured voltage increases with time, and quickly 
reaches 10 V at 30 second. For HAC = 2 Oe, 50 Hz, the nonlinear magnetic energy harvester 
takes 130 second to reach 10 V. Compared with the charging experiment that shows in Figure 




3.17. The charging time for 60 Hz is slightly shorter than that for a linear magnetic energy 
harvester, which can be attributed to the higher power efficiency at small load condition. 
 
Figure 4.11 Comparison of the measured voltage on the capacitor with time at 50 and 60 Hz, 2 
Oe AC magnetic field. 
 
Subsequently, we performed a test to turn on an LEDs array using the developed 
nonlinear magnetic energy harvester. A simple AC/DC conversion circuit as shown in Figure 
4.12 is utilized to convert the AC voltage into DC voltage. The LEDs array is built up by 100 
green LEDs, which are connected in parallel. Figure 4.13 shows the experimental results of 
turning on the LEDs array at 50 and 60 Hz respectively. This experiment demonstrated the 




potential of the nonlinear magnetic energy harvester for magnetic energy harvesting at a wide 
bandwidth of frequency. 
 
Figure 4.12 The electric circuit for turning on the LEDs array. 





Figure 4.13 Turning on the LEDs array at the HAC of 2 Oe and different frequencies: (a) 50 Hz; 











In this chapter, first we introduced a nonlinear magnetic energy harvester by using a 
cantilevered PZT-5H/Ni ME composite. The ME composite is combined with a specifically 
arranged mechanical stopper to form a nonlinear vibration system. An open circuit system was 
then introduced with the aim of generate a controllable magnetic field and recording the voltage 
output.  
Then the effect of position of the mechanical stopper on ME coupling performance and 
the operating bandwidth of the nonlinear magnetic field energy harvester was experimentally 
investigated. Some energy loss can be obtained due to the impact between the cantilever beam 
and the stopper. The maximum αME exhibited was ~ 200 V/cm·Oe, compared to 220V/cm·Oe 
for the linear magnetic energy harvester. Next, the voltage output property of the device was 
investigated, and the voltage distortion were discussed.  
The advantages of the nonlinear magnetic energy harvester can be summarized as: (1) 
A large operating bandwidth. Even though the forward and reverse sweeps can lead some 
different due to the hardening-type nonlinearity, the combined operating bandwidth is still 
significantly larger than that in a linear one. (2) Impedance matching shows little effect on the 
resonant vibration of a nonlinear magnetic energy harvester. (3) The nonlinear magnetic energy 
harvester shows a high-power efficiency at small load conditions, which demonstrates a great 
potential for application where the load resistance is small. 
Finally, to illustrate the power output property, the nonlinear magnetic energy harvester 
was set up to turn on an LEDs array at the HAC of 2 Oe, 50 and 60 Hz. The experimental results 
show that at both 50 and 60 Hz, the proposed device can turn on the LEDs array, showing a 
great potential for wide bandwidth magnetic energy harvesting. 




Chapter 5  
Design of the Weak Magnetic Field Sensor 
5.1 Introduction 
Magnetic detection technology has raised extensive research interests in the past 
decades [16,21,37]. There are a number of high sensitivity sensors have been reported, such as 
search-coil [141], flux gate [25,142] and super-conducting quantum interference device 
(SQUID) [20]. These have ultra-sensitivity to weak magnetic fields of the order of 10-11, 10-12, 
and 10-13 T respectively. However, the disadvantages are obvious. The search-coil has been 
reported to be capable of detecting a weak direct current (DC) magnetic field, but is inefficient 
in detecting an alternating current (AC) magnetic field [112]. The flux gate has magnetic 
hysteresis under zero magnetic field, and requires considerable amount of power. The SQUID 
requires a liquid-helium coolant for a super-conductor magnetometer, which makes the 
instrument system expensive, complex and bulky.  
In the past decade, the magnetoelectric (ME) effect has attracted considerable research 
interest. Because of the potential application in low power consumption and high sensitivity 
magnetic field sensors. Due to the mechanically coupled magnetostriction (MS) and 
piezoelectric effect (PE), a 2-2 laminate PZT/Metglas magnetic field sensor is able to detect a 
weak magnetic field as low as 0.6 nT [143]. However, due to the piezoelectric property of PZT 
ceramics (d31 ~ 300 pC/N), a PZT based magnetic field sensor only produces a limited V/Oe 
performance. As a result, the sensitivity of the PZT based sensor is limited, because the 1/f 
noise is the dominant noise at all frequency ranges.  
Compared to piezoelectric ceramics, relaxor ferroelectric Pb(Mg1/3Nb2/3)O3–PbTiO3 
(PMN-PT) piezoelectric single crystal provides outstanding PE characteristics (piezoelectric 




charge coefficient, d32 ≈ -1200 pC/N [144-146] versus d31 ≈ 300 pC/N in lead zirconate titanate 
(PZT) ceramics) [147,148]. The ME composite based on mechanically coupled PMN-PT and 
Metglas shows a remarkable enhancement in its capability to convert a magnetic field into 
electric signals [111]. A longitudinally magnetized, transversely poled (L-T) PMN-PT/Metglas 
composite was found to have a ME coupling coefficient as large as 1100 V/(cm·Oe) at its 
resonant frequency [149].  
Recently, a piezoelectric single crystal based magnetic field sensor application has been 
reported with ultra-low equivalent magnetic noise density (EMND) as low as 10 pT/Hz1/2 [107]. 
This has resulted in many piezoelectric single crystal based magnetic field sensors being 
investigated. One result is a low loss Pb(Mg1/3Nb2/3)O3-PbZrO3-PbTiO3 (PMN-PZT)/Ni 
magnetic field sensor that has exhibited an ultra-sensitivity of 25 pT [108]. This means that at 
the moment, the best 2-2 ME composite magnetic field sensor utilizing piezoelectric single 
crystal is reported as having a magnetic sensitivity three orders of magnitude higher than the 
commercial magnetic field sensors. Even though in the 15-thickness shear mode possesses very 
high piezoelectric charge coefficient of  3000 pC/N [150], its low mechanical quality factor 
(Qm of 20-30) [151] will lead to a high mechanical loss [152] which greatly limits its ME 
coupling performance. 
More recently, an outstanding piezoelectric property (d36 ~ 1800 pC/N) has been 
exhibited in in-phase shear mode (36-face shear mode) in Zt ±45⁰ cut [01̅1] PMN-PT single 
crystal [153-155]. It is interesting to note that the 36-face shear mode can be achieved in a Zt 
±45⁰ cut [011] oriented PMN-PT single crystal [26], possessing high piezoelectric charge 
coefficients (d36 of up to 1700 pC/N) and a good mechanical quality factor (Qm ≥ 120) [154], 
thus attracting extensive attentions for actuator [146], sensor [145,156] and motor applications 
[157-159]. ME sensor based on 36-face shear PMN-PT crystal, however, taking advantage of 




its high piezoelectric coefficient and low mechanical loss, and studies on sensing magnetic 
field using such a sensor are very limited. 
In this chapter, we will investigate the ME coupling effect of a 36-face shear PMN-PT 
based ME composite. The operating principle of the magnetic field sensor is based on the direct 
ME coupling, which refers to the magneto-mechano-electric effect. Different material such as 
Teffernol-D, and Metglas will be used as the PM phase to investigate the ME coupling property 
between different magnetostriction materials. The sensing performance to a weak AC/DC 
magnetic field will be explored via the EMND, and the detection limit. 
5.2 Prepare the 36-face Shear (d36) Mode PMN-PT Single Crystal 
To prepare the 36-face shear ME composite, the PMN-PT single crystal sample was 
prepared by rotating a 45⁰ angle along the z-axis [011] direction, cutting it into a square-shaped 
plate with dimensions of 10 mm × 10 mm × 0.5 mm. The specifically designed dimensions 
were to ensure that the crystal could operate in 36-face shear (d36) mode  to utilize its 
outstanding piezoelectric properties [26]. The crystal was poled at the electric field of 10 kV/cm. 
Figure 5.1 displays the measured impedance spectra of the fabricated d36 mode PMN-PT single 
crystal. From the figure, it can be noted that the resonant frequency is about 60 kHz (30 Ω), 
while the anti-resonant frequency is 87 kHz (1.14 × 105 Ω).  






Figure 5.1 (a) The schematic view of preparing the d36 mode PMN-PT piezoelectric crystal. 
(b) The impedance spectra of the d36 mode PMN-PT piezoelectric crystal. 




5.3 The Piezoelectric Property of the 36-face Shear (d36) Mode PMN-PT Single Crystal 
See the IRE standards [26,160] for the parameter of a PMN-PT single crystal. To ensure 
the operating mode for sample, one easy method is to determine via the frequency constant. 
The frequency constant N36 for a 36-face shear (d36) mode PMN-PT can be calculated by: 
𝑁36 = 𝑓𝑟 ∙ 𝑙,                                                                                                                           (5.1) 
where the fr is the resonant frequency, l is the length of the piezoelectric crystal.  
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where α is correction constant and κ0 is the Eigen value of the shear mode, which are 
determined by: 
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tan 𝜅0 + 𝜅0 = 0,                                                                                                                      (5.5) 
Due to the Zt ±45⁰ rotation, the value of s E 11 and  s
 E
 22 are smaller than that of the s
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66. Thus, the correction constant α can be assumed to be 1. The κ0 can be determined to be  
~2.0288 from the first root of equation (5.5). Then, the electromechanical coupling coefficient 
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𝐸 ,                                                                                                   (5.10) 
The resonant frequency for the 10 mm × 10 mm sample can be predicted via frequency 
constant N36. The result is found to be 58~59 kHz, which agree with the measured result of 60 
kHz. Thus, we can ensure that the sample is operating at d36 mode. 
5.4 Comparison of ME Coupling Performance Using Different PM Materials 
In this section, we test the d36 mode ME composite with different PM phase. First 
material choose for the PM phase is the TbₓDy₁₋ₓFe₂ magnetostrictive alloy Terfenol-D. The 
advantage of Terfenol-D is the large magnetostrction coefficient λm ~4000 ppm, which is about 
2 orders of magnitude higher than most of magnetostrictive materials (Ni ~40 ppm, Metglas 
~27 ppm) [161]. Meanwhile, the piezo-magnetic coefficient dm33 ~ 1.1×10
-8 A/m (0.87 ppm/Oe) 
is also larger than most of materials. Alternatively, Metglas is an amorphous metal alloy which 
gained a large number of research interest. This is because the Metglas exhibited an extremely 
high permeability, which allows the material shows an outstanding piezomagnetic coupling 
performance. The parameters of the two materials are detailed in Table 5.1. It is valuable to 




compare the ME coupling property between to two material for the following design of the ME 
sensor. 
Table 5.1 The detailed parameter of the Terfenol-D alloy, Metglas alloy and PMN-PT. 









Terfenol-D 4000 0.87 2000 [162] n/a 10 10 1 
Metglas 27 0.3 6000000 n/a 10 10 0.025 
PMN-PT n/a n/a n/a 1700 10 10 0.5 
5.4.1 PMN-PT/Terfenol-D ME Composite 
In this section, a d36 mode PMN-PT/Terfenol-D ME composite with dimension of 10 
mm (length)×10 mm (width)× 2.1 mm (thickness) is fabricated and tested. Experiments of 
frequency response with sweep range from 20 kHz to 110 kHz are performed to evaluate the 
ME coupling property at resonant frequency and off-resonant condition. The ME coupling 
coefficient depends on the DC magnetic bias is experimentally tested at its resonant frequency 
to determine the optimum DC magnetic bias. 
Figure 5.2 is the voltage output depend on the excitation frequency under open circuit 
condition. The black curve is the voltage output at 0 DC bias field. The maximum output is 
around 4.05 mV at anti-resonance frequency (83.6 kHz). The equivalent ME coupling 
coefficient is around 580 mV/cm·Oe or 0.58 V/cm·Oe. However, under a 40 Oe DC magnetic 
field as bias, the maximum output is around 14 mV, equivalent ME coupling coefficient αME is 
aound 2000 mV/cm·Oe (2 V/cm·Oe). The DC magnetic field can significant affect the ME 
coupling performance. The physics of this phenomenon is believed to be that the DC magnetic 




bias  induced motion of the available non-180⁰ domain walls in the Terfenol-D plate, which 
will increase both dm33 and αME [161].  
 
Figure 5.2 Frequency response of the d36 mode PMN-PT/Terfenol-D ME composite (at HDC= 
0 Oe and HDC= 40 Oe). 
 
Then we test the ME coupling performance at various DC magnetic field to locate the 
optimise DC magnetic bias. Figure 5.3 gives the measured ME voltage and calculated αME. 
Noted that for DC magnetic field HDC < 180 Oe, the αME increases with the increase of increase 
of HDC. Then the maximum αME can be exhibited at ~180 Oe, which is 27 V/cm·Oe. The 
exhibited maximum αME is 50 times higher than original αME exhibited at HDC =0 Oe. Noted 
that, the DC magnetic field can significantly affect the ME coupling performance. While, for 




the HDC > 180 Oe, the αME decreases with the increase of the DC magnetic field. The αME tends 
to situate at a very high HDC, then the αME remain at about 6 V/cm·Oe. The reason can be 
explained as follows. When the HDC is beyond the optimal value, it constrains the non-180⁰ 
domain-wall motion, which will decrease the strain, leading to a decrease in αME. 
 
Figure 5.3 The ME voltage and αME of the d36 mode PMN-PT/ Terfenol-D ME composite 
depends on different HDC. 
 
5.4.2 PMN-PT/Metglas ME Composite 
ME coupling performance depends on DC magnetic field 
Figure 5.4 shows that the room temperature ME response depends on the DC magnetic 
field with the AC magnetic field fixed at Hac of 0.1 Oe (1 kHz). The output AC voltage shows 
a near-linear increase with an increasing DC bias magnetic field up to 6 Oe. The maximum 




output voltage of ~30 mV (1 kHz) was acquired at Hdc of 6 Oe. The equivalent ME coupling 
coefficient was calculated by 𝛼𝑀𝐸 =
𝜕𝐸
𝜕𝐻
 [40], so the maximum quasi-static αME was found to 
be ~6 V/(cm·Oe). From this experiment, it is obvious that the intensity of the DC magnetic 
field can be measured by the generated voltage in the ME composite. The ME coupling 
coefficient tends to decrease at higher magnetic field, due to the magnetostriction of the 
Metglas as it approaches saturation [104]. The inset gives the first derivative of the αME which 
is calculated by: 𝐷𝑀𝐸 = ∆𝛼𝑀𝐸/∆𝐻. Note that the maximum DME and the maximum voltage are 
not synchronously achieved at the same magnetic field. In this case, the maximum DME is 
acquired at the DC magnetic field of HDC = 2.2 Oe. This can be attributed to the increase of 
magnetic saturation in the Metglas foil under a DC magnetic field larger than 2.2 Oe.  
 




Figure 5.4 The αME of the d36 mode PMN-PT/Metglas ME composite depends on the HDC at 
the quasi-static frequency. 
 
Figure 5.5 gives the measured maximum ME voltage as a function of AC magnetic 
field HAC at the condition of with and without the HDC. The frequency of the HAC is fixed at 
107 kHz, the HDC is fixed at 6 Oe. Black curve is the ME voltage without the HDC, while the 
red curve represents the ME voltage at HDC =6 Oe. From the figure, the HAC can directly lead 
the increase in the output of ME voltage, due to it increase of vibration amplitude in the PM 
phase. The ME voltage reach the measurement limit of the lock-in amplifier of 1.1 V at HAC=0.2 
Oe. Clearly, the HDC bias can lead an enhancement in the ME voltage at various amplitude of 
vibration.  
 
Figure 5.5 The ME voltage depends on HAC at HDC =0 Oe and HDC =6 Oe. 





The dynamic ME coefficient was measured as a function of excitation frequency under 
the fixed DC bias magnetic field, Hdc = 6 Oe. As shown in Figure 5.6, a giant ME coupling 
coefficient of ~ 1600 V/(cm·Oe) was obtained at a frequency of 107.6 kHz, which is ~ 50% 
higher than that reported for a 32 extensional mode PMN-PT based ME composite. [149] The 
frequency corresponds to the anti-resonance frequency of the composite. The enhancement of 
ME coupling coefficient is attributed to the higher piezoelectric charge coefficient (d36 ~ 1700 
pC/N, compared to d32 ~ 1200 pC/N) for the 36-face shear mode.  
 
Figure 5.6 The frequency response of the d36 mode PMN-PT/Metglas ME composite at HDC =6 
Oe. 
 




Based on the experimental results, it can be noted that the PMN-PT/Terfenol-D ME 
composite exhibits a αME~ 27 V/cm·Oe at the anti-resonant frequency. The optimal HDC for the 
PMN-PT/Terfenol-D ME composite is 180 Oe. The HDC can significantly affect the ME 
coupling performance. The maximum difference of 50 times between the HDC at 0 Oe and 180 
Oe. The PMN-PT/Metglas composite exhibited a giant αME~ 1600 V/cm·Oe at the anti-resonant 
frequency. The optimal HDC for the PMN-PT/Metglas is found to be ~ 6 Oe, which is 30 times 
smaller than that for the PMN-PT/Terfenol-D. Clearly, even the Terfenol-D give higher λm and 
dm33, the Metglas with an extremely high permeability can give a higher αME at a small HDC. 
The high αME will help to give more clear output signal at weak magnetic field. Thus, for the 
design magnetic sensor in the following, we will use the d36 mode PMN-PT/Metglas ME 
composite. 
5.5 d36 Mode Weak Magnetic Field Sensor Using PMN-PT/Metglas ME Composite 
5.5.1 The EMND of the d36 Mode ME Sensor 
Figure 5.7 shows a measured impedance spectrum of the ME composite operating in free 
vibration mode over the frequency range of 40 Hz to 120 kHz at room temperature. The 
resonant frequency and anti-resonant frequency were found to be 85 kHz and 107 kHz 








,                                                                                                                         (5.11) 
where F ~ 1.28 is a correction constant, a is the length and b the width of the composite,  ?̅? ~ 
8 g/cm3 is the equivalent density of the composite, ?̅? ~ 65 pm2/N is the equivalent elastic 
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where nc and nl are the volume ratios of the crystal and load components (epoxy, and Metglas), 
respectively, and sc, sl are the elastic compliance values of the crystal and load components 
(epoxy, and Metglas), respectively. For the proposed design, the calculated resonant frequency 
is 87 kHz, which is very close to the measured value of 85 kHz. The minor difference is 
attributed to the composite fabrication process and the error in calculating the equivalent 
parameters. The dielectric loss tangents tan (δ) is found to be ~ 1.6% due to the epoxy adhesive, 
while the mechanical quality factor of the composite can be evaluated by 𝑄 = 𝑓𝑟/∆𝑓, which is 
found to be ~110. The details of parameters of the composite are given in Table 5.2.  
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Figure 5.7 Impedance spectrum of the 36-face shear PMN-PT/Metglas composite, with 
enlargement in inset. 
 
5.5.2 Determined the EMND of the ME Sensor 
The theoretical sensitivity of the fabricated sensor can be evaluated by determination of 
the equivalent magnetic noise density (EMND) [164]. Fig. 5.8 displays the calculated EMND 
curve of the ME composite. The measurement is performed in the grounded noise isolation box 
to avoid external electromagnetic noise. The EMND consists of the dielectric loss noise and 









,                                                                                               (5.13) 







 is the dielectric loss noise, √
4∙𝑘∙𝑇
(2∙𝜋∙𝑓)2∙𝑍′
 is the impedance thermal noise, tp 
and αME represent the thickness of the crystal and the ME coupling coefficient, respectively. 
For the noise due to the dielectric loss√
4∙𝑘∙𝑇∙𝐶𝑝∙𝑡𝑎𝑛𝛿
2∙𝜋∙𝑓
, where k, T, Cp, tan(δ), and  f  represent 
Boltzmann’s constant, the temperature in Kelvin, the capacitance of the composite, the 




the Z΄ is the real part of the impedance. The corresponding magnetic noise density is calculated 
to be 0.1 pT/Hz1/2 at the frequency of 107 kHz, which is much improved compared to the 
resolution of the reported ME magnetic field sensor (0.5 pT/ Hz1/2) [108]. The low EMND 
allows the fabricated ME sensor to give a clear signal at weak magnetic field, contributing to 
the improved sensitivity of the device. 





Figure 5.8 Calculated equivalent magnetic noise density (EMND) of the magnetic field sensor. 
 
5.5.3 Output Property Depends on DC Magnetic Field   
Figure 5.9 gives the output ME voltage as a function of HDC under a fixed HAC. The 
HDC acts as the bias, thus even the HDC = 0 Oe, we can still measure a weak ME voltage output. 
From the figure, when the HDC =0 Oe, the ME voltage is about 2.7 mV. The ME voltage 
increase with the increase of HDC. It is interesting to note that, when the HAC is fixed, the ME 
voltage will only depend on the HDC. In addition, the ME voltage increases linearly with the 
increase of HDC. Noted that the HDC can be descripted by the ME voltage cross the composite. 





Figure 5.9 Measure ME voltage depends on HDC at a fixed HAC. 
 
5.5.4 The Sensing Performance to the AC/DC Magnetic Field 
Sensing weak AC magnetic field 
In order to quantify the sensitivity of the ME sensor, the voltage output has been 
measured under different amplitude of AC and DC magnetic fields at its anti-resonant 
frequency. Figure 5.10 (a) displays the measured AC voltage as a function of Hac with a DC 
bias magnetic field Hdc = 6 Oe. Note that the magnetic field sensor exhibits a clear ME response 
to a weak AC magnetic field as low as 2 pT at a frequency of 107.6 kHz with the ME voltage 
output being on the order of ~ 4.5 μV. The detection limit (2 pT) of the studied sensor is much 
better than that of the reported ME composite sensor (9.2 pT) [167]. The voltage output 




increases linearly as the AC magnetic field increases with a slope of ~ 80 V/Oe. The calculated 
ME coupling coefficient is found to be ~1600 V/(cm·Oe), which is in a good agreement with 
the measured dynamic ME coupling coefficient. Furthermore, the reliability of the sensor was 
evaluated by a cycling test.  Figure (b) presents the ME voltage as a function of time in a step-
change Hac from 0 (Noise) to 10 pT at a frequency of 107.6 kHz. The experimental result shows 
a good repeatable output in response to the AC magnetic field. All these results demonstrate 
the studied magnetic field sensor possesses a high sensitivity to weak AC magnetic fields with 
high reliability. Furthermore, the feasibility of calibrating an ultra-weak AC magnetic field via 









Figure 5.10 (a) Quantifing the detection limit for the AC magnetic field and ME voltage 
response of the magnetic field sensor over AC magnetic fields Hac of 2 pT to 1 × 10
5 pT. (b) 
Step-change measurement of the magnetic sensitivity to a small range of AC magnetic field 
from 2 pT to 10 pT. 
 
Figure 5.11 (a) displays the ME coupling performance under a weak DC magnetic field. 
The detection limit is about 2 × 10-6 Oe (0.2 nT), which is much improved over that reported 
for an ultra-sensitive ME sensor, being on the order of 8 × 10-6 Oe [114]. Clearly, the calculated 
response of the ME sensor to an ultra-weak HDC field was found to be ~ 1 V/Oe for HDC ≤ 1×10
-
4 Oe, while this value decreased to ~5 mV/Oe for HDC = 6 Oe, due to the magnetization 
saturation of Metglas at high HDC.  
Figure 5.11 (b) presents the ME voltage as a function of time in a step-change HDC from 
0 (Noise) to 0.6 nT at a frequency of 107.6 kHz. The voltage output is range from 1.568 mV 




( HDC =0) to 1.587 mV (HDC = 0.6 nT). The step is 0.2 nT. As shown in the figure, the voltage 
increment for each step is about 0.06 mV. The measurement in step forward (0 to 0.6 nT) and 
step downward (0.6 nT to 0) shows a good agreement. Some minor disagree is attributed to the 
noise in the measurement. 
 





Figure 5.11 (a) Quantifing the detection limit for the DC magnetic field and ME voltage 
response of the magnetic field sensor over DC magnetic fields Hac of 2 × 10
-6 Oe (0.2 nT). (b) 
Step-change measurement of the magnetic sensitivity to a small range of AC magnetic field 
from 0 to 0.6 nT. 
 
5.6 Conclusion 
In conclusion, the d36 mode PMN-PT ME composite with different PM material has 
been fabricated and tested. The d36 mode PMN-PT/Terfenol-D ME composite exhibits a αME 
~27 V/cm·Oe at the anti-resonant frequency. The HDC bias plays a significant role in enhance 
the ME effect. For the PMN-PT/Terfenol-D ME composite, the optimal HDC can lead an 
enhancement of 50 times than that without the HDC. A similar tendency is observed in the the 
d36 mode PMN-PT/Metglas composite. With the optimal HDC of 6 Oe, a giant αME of 1600 
V/cm·Oe is exhibited at the anti-resonant frequency of 107 kHz. The giant ME effect can help 




to output a clear output signal, then improve the sensitivity of the sensor. Then a magnetic field 
sensor using d36 mode PMN-PT/Metglas composite is fabricated, and the ME coupling 
performances to under HAC and HDC are experimentally demonstrated. The theoretical 
sensitivity to a magnetic field is calculated by determine the EMND of the system, which is 
found to be 0.1 pT/Hz1/2. The EMND of the proposed sensor is much lower than reported low 
loss magnetic field sensor (0.5 pT/ Hz1/2). The limit of detection to an AC magnetic field is 
experimentally quantified. The proposed magnetic field sensor shows a capability to sense a 
weak AC magnetic field as low as 2 pT. A step-change test demonstrates the sensitivity of the 
proposed magnetic field sensor to an ultra-weak AC magnetic field. In addition, the sensing 
property for the DC magnetic field has been calibrated. A high sensitivity of 0.1 nT has been 
experimentally obtained. The following step-change test demonstrates a good repeatable 








Chapter 6  
Design of the Magnetic Field Sensing Array 
6.1 Introduction 
A magnetoelectric (ME) composite, which consists of mechanically coupled piezoelectric 
(PE) and magnetostrictive (MS) phase, has the capability to detect a magnetic field via the 
magneto-mechano-electric coupling mechanism [37,55,75]. At present, the highest sensitivity 
of an ME composite is reported to be 1×10-13 T for an alternating current (AC) magnetic field 
[111,168] and 2×10-10 T for a direct current (DC) magnetic field, with the advantage of high 
sensitivity [79] and low noise [107,166].  
Recently, the ΔE effect, the changes in the elastic compliance of the MS phase under a 
magnetic field, has been of great interest in the application of magnetic field composite sensors 
[114,169]. This phenomenon can lead to a change in the equivalent electromechanical coupling 












𝐻 ,                                                                                                (6.1) 
where kpe is the electromechanical coupling factor of the PE phase, and s11
E, s11
H are the elastic 
compliance of the PE phase and MS phase, respectively; np and nm are the volume ratio of the 
PE phase and MS phase, respectively. However, due to the small sE in most modes of PE 
materials (i.e., s11
E ~11.1×10-12 m2/N in Pb(Zr,Ti)O3), the change in keff due to the ΔE effect is 
limited [3]. More recently, the 36-face shear mode in the Zt ±45⁰ cut [011] (1-
x)Pb(Mg1/3Nb2/3)O3‐xPbTiO3 (PMN-PT) single crystal [153-155], has been reported with 
ultra-high elastic compliance (s66
E >120 ×10-12 m2/N). Such ultra-high elastic compliances can 




result in enhancing the change of keff under a magnetic field, which suggests a new approach 
for magnetic field detection without bulky coil designs.  
In this chapter, 1-D and 2-D sensing arrays are introduced. The 1-D sensing array was 
based on the directly ME effect. By utilising the anisotropic property of the d36 mode PMN-
PT/Metglas ME composite, the relative position between each sensing element and magnet 
target will be reflected in the ME voltage. Therefore, the magnet target can be repositioned, by 
processing the curve of the ME voltage from every sensing element. The 2-D sensing array 
utilising the change of electrical impedance of the PE/MS composite. This phenomenon is 
based on the ΔE effect in the MS phase. The ΔE effect of MS phase leads to a change in the 
electromechanical coupling coefficient and the electrical impedance in the 36-face shear mode 
PMN-PT/Metglas; these which are experimentally demonstrated and theoretically explored. 
The operating principle is examined, and the magnetic field sensing capability of the sensor is 
measured. Finally, the composite sensors are formed into a 9 × 9 magnetic sensing array to 
perform the 2-D imaging of a target magnet. This work suggests a new design for a room 
temperature composite magnetic field sensor array with a simple structure. 
6.2 1-D Sensing Array 
6.2.1 Experimental Setup 
The 36-face shear the PMN-PT single crystal and Metglas alloy were cut into a square-
shaped plate with dimensions of 10 mm × 10 mm. The specifically designed dimensions were 
to ensure that the crystal could operate in 36-face shear mode to utilize its outstanding 
piezoelectric properties [26]. Silver electrodes were deposited on the two (011) surfaces, and 
then the crystal was poled at the electric field of 10 kV/cm. The poled PMN-PT single crystal 
was bound with Metglas foil (2605SA1) using electrically conducting epoxy (MG Chemicals 
silver conductive epoxy adhesive 8330), and then cured for 24 h at room temperature to form 




into a composite which is shown in Figure 6.1 (a). The impedance spectrum of the fabricated 
ME composite was characterised using an impedance analyser (HP4294A, Agilent 
Technologies Inc.). The ME composite, shield and solenoid coil were integrated into a sensing 
element as shown in Figure 6.1 (b). The ME composite was placed in the nonmagnetic non-
conducting shield to isolate it from the electric noise from the environment. A solenoid coil 
was employed to generate an AC magnetic field. When the AC magnetic field alternately 
changes along the diagonal direction of the composite, the Metglas foil will drive the PMN-PT 
crystal to expand along the AC magnetic field, leading to in-plane displacement, from which 
electric charge will be generated on the two surfaces of the PMN-PT crystal based on the 
piezoelectric effect [55,170].  
 
 
Figure 6.1 (a) Schematic view of the d36 mode ME sensor. (b) The schematic view of the 
sensing element with the photo of the sensing element in the inset. 
 
To achieve the accurate position of the magnetic field source, one of the challenges is 
to isolate unwanted noise from the original output AC signal. To solve this problem, a sensing 




array is developed based on the ME composite. To build the sensing array, a total 43 pieces of 
36-face shear mode PMN-PT/Metglas ME sensing elements are arrayed in a line as shown in 
Figure 6.2 (a). A permanent magnet with dimensions of 10 mm×10 mm×30 mm is used as a 
target. Figure 6.2 (b) displays the simulated distribution of magnetic flux around the magnet 
and the sensor array. Because of the relative positions of the array and the magnet, the angle 
between the magnetic flux from the magnet and each sensing element is different. The small 
difference in angle is reflected in the output voltage curve of the array. By processing the 
voltage curve, the contribution of the magnetic field intensity can be isolated, and the real 
position of the target magnet can be confirmed. 
To generate an ultra-weak magnetic field, the target magnet is placed at the A (40, 22) 
and B (50, 22) positions, respectively, as shown in Figure 6.2 (c). The numbers 40 and 22 of 
the (40, 22) coordinate represent the distances between the sensing array and the magnet target 
along the x-axis and y-axis in centimetres, respectively. The magnetic field was calibrated by 
a gauss meter (CTS27). The magnetic field was found to be on the order of 10-5 Oe and 10-6 
Oe at the A and B positions, respectively, which are similar to the magnetic field intensity of a 
biomagnetic signal from human [171]. The difference in output voltage between the 
neighbouring sensing elements was calculated by: ∆𝑉𝑛 = 𝑉𝑛 − 𝑉𝑛−1 . Then the standard 
deviation of the ΔV can be calculated by: 
𝜎𝑛 = √𝐷𝑛 = √𝐸[(𝑥𝑛 − ?̅?)2],                                                                                                    (6.2) 
where the xn is the ΔV at position n, and ?̅? is the mean value of the ΔV, so the position of target 
magnet can be detected by confirming the maximum σn. The advantage of using maximum σn 
is that the intensity of the detected magnetic field has a minimal effect on the exact position of 
the target magnetic source.  





Figure 6.2 (a) Schematic view of the sensing array. (b) Simulated magnetic flux distribution in 
the sensing array. (c) The process of magnetic field positioning and imaging. 
 
6.2.2 The Anisotropic Property of the d36 Mode PMN-PT/Metglas ME Composite 
Figure 6.3 shows the maximum voltage output versus the angle between the x and y 
directions. The maximum output was found to be about 30 mV when the rotation angle reached 
50⁰ and 225⁰, respectively. When the sensor was rotated to 120⁰ and 315⁰, on the contrary, the 
minimum voltage was found to be ~8 mV, showing its strong anisotropic characteristic. This 
result agrees with the anisotropic face shear piezoelectric constant d36 of PMN-PT crystal [172]. 
Therefore, the relative position between the DC magnetic field and the sensor can be monitored 
by measuring the output AC voltage. 





Figure 6.3 The ME response depends on the angle between the x direction ((0-11) direction of 
the crystal) and the y direction (direction of the DC magnetic field). 
 
6.2.3 The Sensing Performance of the 1D Sensing Array 
Figure 6.4 (a) displays the measured voltage curve when the magnet is placed at the A 
(40, 22) and B (50, 22) positions respectively. A clear change in the ME output response from 
the sensors can be observed when the magnet source is placed in the sensing area. The voltage 
curve indicates that the ME coupling output of the sensing array is impacted by both the 
magnetic field strength and the position of the DC magnetic field. For the magnet at position 
A, the amplitude of the voltage at the centre is ~79 mV, while the peak output voltage is ~75 
mV for position B. The difference between the two peak voltages is attributed to the difference 
in the ultra-weak DC magnetic field intensity being detected by sensors. The curves in Figure 




6.4 (b) present the calculated ΔV, where the maximum ΔV is on the order of ~1.2 mV and 0.6 
mV for the magnet located at positions A and B, respectively. The ΔV consists of the 
contributions of the intensity of the magnetic field and the relative position between the sensor 
array and the magnet. To acquire the accurate position of the magnet, the standard deviation of 
ΔV is calculated, as given in Figure 6.4 (c). As expected, the peak value of the standard 
deviation reflects the position of sensed magnet along the y axis. Clearly, the standard deviation 
curves can correctly represent the y position of the magnet, indicating the high sensing accuracy 
of the proposed sensor array, which can be easily recognised via the images for magnet 
positioning shown in the insets. 





Figure 6.4 (a) Measured voltage from the sensing array when the magnet is placed at of the (40, 
22) and (50, 22) positions respectively. (b) Calculated increment of voltage. (c) Calculated 
standard deviation of the signal and the image of the magnetic field (inset). 
 




6.3 2-D Sensing Array 
In this section, a piezoelectric (PE)/ magnetostrictive (MS) composite magnetic field 
sensor composed with mechanically coupled 36-face shear mode PMN-PT crystal and Metglas 
composite. The ΔE effect of MS phase leads to change in the electromechanical coupling 
coefficient and electrical impedance in the d36 mode PMN-PT/Metglas; these are 
experimentally demonstrated and theoretically explored. The operating principle is studied, and 
the magnetic field sensing capability of the sensor is measured. Finally, the composite sensors 
are formed into a 9 × 9 magnetic sensing array to form 2-D imaging of a target magnet. This 
work suggests a new design for a room temperature composite magnetic field sensor array with 
a simple structure. 
6.3.1 Measurement of the ΔE Effect for the Metglas 
Figure 6.5 illustrates the experimental setup for measuring the change of elastic 
compliance of Metglas under a uniform DC magnetic field. The operating principle can be 
briefly stated as follows: A specimen of Metglas is prepared with the dimensions of 200 (length) 
× 10 (width) × 0.025 (thickness) mm. A material test system (MTS) is employed to give a 
constant force along the length direction of the specimen.  The specimen is clamped in the two 
clamps of the MTS. The force on the length direction of the Metgals is recorded by the sensor 
inbuilt in the MTS. A high-resolution camera is used to record the original length between the 
two reference points l0, and the change in the length direction Δl. The Helmholtz coils are used 
to generate a uniform DC magnetic field along the length direction of the specimen. Because 
of the relative permeability of the Metglas (μm/μ0 ~1000000) is significantly larger than air (μ0 
~1) and the mechanical component in the MTS (μc/μ0 ~18000). We can assume that the 
magnetic field will be concentrated in the Metglas, and that the recorded magnetic field is 
correct. Meanwhile, because length of the Metglas specimen is much larger than its width and 




thickness, the change of area of cross section can be neglected. The MTS can record both of 
the force and the displacement of the clamp. However, due to the moving mechanism in MTS, 
the displacement of the clamp is larger than the actual change of length in the specimen, thus 
only the force data from the MTS is accurate. The two reference points are marked by a black 
marker, when the specimen is free. The distance between the points can be any reasonable 
value, which depends on the camera that is used in the experiment. In this experiment, the 
distance is 30 mm. From original data, we can calculate the Young’s modulus of the material. 
The elastic compliance can be calculated as: S = 1/E, where E is the Young’s modulus of the 
material. The elastic compliance can then be calculated based on the Young’s modulus. The 
Young’s modulus can be express as: 𝐸 =  
𝐹
𝐴
 ×  
𝑙0
∆𝑙
, where F is the force, A is the area of cross 
section of the foil, l0 / Δl is the inverse of the length change rate. 
 
Figure 6.5 The schematic view of the experimental setup for measuring the elastic compliance 
of the Metglas. 
 
Figure 6.6 display the measured force and change of length for the specimen. The force 
is range from 0.1 to 0.3 kN. The distance between the two reference points is 30 mm. Figure 
6.6 (a) to (g) give the recorded force and strain of the Metglas specimen under a DC magnetic 
field range from 0 Oe (without magnetic field) to 16.8 Oe. From the figures, the strain between 




the two reference points are found to be from 30 mm to ~30.17 mm. With the increase of the 
DC magnetic field to 5.6 Oe, the maximum strain shows a slightly increase. This indicates a 
slightly increase of elastic compliance in the Metglas specimen under a magnetic field, and the 
specimen becomes soft. With further increase the DC magnetic field to 16.8 Oe, the strain in 
the specimen decreased. Clearly, the force applied on the Metglas specimen will give an elastic 
deformation in the length direction of the specimen. When the elastic compliance is changed, 
then it will change the deformation. Noted that, under a same condition, the displacement will 

















Figure 6.6 Measured extension of the specimen and the clamp of the MTS under different 
magnetic field: (a) 0 Oe; (a) 1.4 Oe; (a) 5.6 Oe; (a) 8.4 Oe; (a) 11.2 Oe; (a) 14 Oe; (a) 16.8 Oe. 
 
Figure 6.7 displays the elastic compliance of the Metglas as a function of the applied DC 
magnetic field in a low magnetic field range. When the magnetic field is applied, the value of 
elastic compliance Em changes due to the ΔE effect in the Metglas foil. Em increases with 
increasing the magnetic field, which means that the material softens. The Em peak value of 
~0.98 ×10-11 m2/N was reached when the magnetic field was ~6 Oe, which is the inflection 
point. By further increasing the magnetic field, the value of Em starts to decrease and reach a 
value of ~0.93 ×10-11 m2/N at 18 Oe. According to the B-H curve of the Metglas, this decrease 




of Em at high magnetic field could be attributed to the increase in the magnetic saturation of the 
Metglas [173].  
 
Figure 6.7 Elastic compliance of the Metglas foil depends on the magnetic field. 
 
 
6.3.2 Description of the Operating Principle  
When the piezoelectric crystal operates as a resonator, it can be considered as a three 
ports device, which consists of one electrical port and two mechanical ports. The schematic 
diagram of the principle is illustrated in Figure 6.8. From the figure, the F1, F2, v1 and v2 
indicate force on the bottom electrode surface, shear force on the top electrode surface, particle 
velocity at the bottom electrode surface and particle velocity at the top electrode surface. V is 




the voltage applied on the two electrodes, and I represents the current across the piezoelectric 
crystal.  
 
Figure 6.8 The schematic diagram of the principle of impedance matrix. 
 














),                                                                                                (6.3) 
Based on the piezoelectric constitutive equation (3.1) and (3.2), the piezoelectric 
equations can be rewritten as: 
𝑇6 = 𝑐66
𝐷 𝑆6 − ℎ36𝐷3 ,                                                                                                                  (6.4) 
𝐸3 = −ℎ36𝑆6 + 𝐷3/𝜀33
𝑆 ,                      (6.5) 




where CD66 is the shear elastic stiffness constant, h36 = e33/ε
S
33 is the piezoelectric coefficient. 
It is assumed that the piezoelectric crystal is operating at pure face shear movement, then the 
displacement component D3 can by express by: 
𝜕𝐷3
𝜕𝑧
= 0,                                                                                                                                      (6.6) 






,                                                                                                                             (6.7) 
By combine equation (6.6) and (6.7), the plane-wave equation can be expressed as: 
𝜉 = (𝐶1𝑒
−𝑖𝛽𝑧 + 𝐶2𝑒
𝑖𝛽𝑧)𝑒−𝑖𝜔𝑡,                                                                                                  (6.8) 
The V and I across the electrodes can be determined by: 
𝐼 = 𝑗𝜔𝐴𝐷3,                                                                                                                             (6.9) 
𝑉 = ∫ 𝐸3𝑑𝑧
𝑡
0
,                                                                                                                        (6.10) 






𝑍𝑐𝐴/𝑗 tan 𝛽𝑙   𝑍𝑐𝐴/𝑗 sin 𝛽𝑙   ℎ36/𝑗𝜔
𝑍𝑐𝐴/𝑗 sin 𝛽𝑙  𝑍𝑐𝐴/𝑗 tan 𝛽𝑙   ℎ36/𝑗𝜔





),                                                         (6.11) 
where Zc=(cD66/ρ)
1/2 is the characteristic stiffened acoustic impedance of the piezoelectric 
material, C0 is the clamped capacitance of the piezoelectric crystal, l is the length of the 
piezoelectric crystal, ρ is the density, and β=ω/(cD66/ρ) is the wave number. Then the 
characteristic impedances due to the load (Metglas and epoxy) on the two surfaces of the 
piezoelectric crystal can be expressed as: 
𝑍1 = (𝜌1𝑐1)
1
2 = 𝐹1/(𝐴𝑣1),                                                                                                  (6.12) 
𝑍2 = (𝜌2𝑐2)
1
2 = 𝐹2/(𝐴𝑣2),                                                                                                   (6.13) 




In the 3 × 3 impedance matrix, the first 2 × 2 sub-matrix represents the ultrasonic 
propagation in the piezoelectric medium, including the equation of mechanical transmission, 
impedance, and phase velocity. The last matrix is the electrical impedance of the piezoelectric 
crystal. The three ports model can then be considered as an electromechanically equivalent 
circuit. In this circuit, using the fundamental electromechanical analogies, the mechanical force 
can be considered as the voltage and the particle velocity as the current. By combining 









,                                                                                                    (6.15) 
where γc=jω(ρ/cD66) is the complex wave propagation factor, lc is the length of the piezoelectric 
crystal. ZEF and ZGH are the acoustic load impedance at the port EF and GH, respectively. The 
impedance at the port CD is the combination of Zr and Zl with a parallel arrangement. Thus, 








,                                                                                                                               (6.16) 







𝑍𝐶𝐷,                                                                                                    (6.17) 
where X1 is the additional reactance of the equivalent circuit, C0 is the calmped capacitance of 














,                                                                                                               (6.18) 
and the complex acoustic wave phase shift α can be calculated as: 







,                                                                                                                        (6.19) 
where vc is the speed of shear sound waves in the piezoelectric crystal. Finally, the electrical 



























),                                  (6.20) 
where e36 is the shear stress constant of the piezoelectric crystal.  
 
Figure 6.9 The equivalent circuit model of the PE/PM composite using the KLM transmission 
line model. 
 




6.3.4 Impact of the Number of Layers on Electrical Impedance 
Based on equation (6.20), the volume ratio of the PE and MS phase can affect the 
change ratio of the keff. It can be explained as follows: if the volume ratio of PE is high, nPE >> 
nMS, the composite can be considered as a pure piezoelectric single crystal. Thus, the ΔE in the 
composite should be minimized.  On the other hand, if nMS >> nPE, the MS phase as the load 
on the two sides of the composite, will act as a damper, and it will reduce the resonant vibration. 
Thus, in this section, the design of the composite sensor is optimised by investigating the 
electrical impedance of the PE/MS composite at the resonant frequency with different nMS. It 
can be noted that different nMS in the composite can be achieved by changing the number of 
Metglas layer from 1 to 5 layers on each surface of the composite. The impedance spectra will 
be measured to evaluate the impact of the MS phase. The impedance spectra are measured by 
impedance analyser 4294A. The dimension of the sample is 10 × 10 mm. The thickness of the 
PMN-PT crystal is 0.5 mm. The thickness depends on the number of layer of the MS phase.  
Figure 6.11 shows the comparison of measured impedance spectra between the 
composite with different PM layers. Clearly, the peak value of impedance is exhibited in the 1 
layer Metglas sample at its anti-resonant frequency. With increasing in the number of PM 
layers, the impedance at anti-resonant frequency decrease. Alternative, the lowest value of 
impedance at resonant frequency is also exhibited in the 1 layer Metglas sample. With 
increasing the Metglas layer, the impedance at resonant frequency increase. The maximum 
impedance at resonant frequency is at the 5 layers Metglas sample. This result indicates the 
resonant vibration being weaken with increasing of the Metglas and the epoxy on the surface. 
Meanwhile, the resonant and anti-resonant frequencies show a slight shift to higher frequencies 
due to the change of equivalent elastic compliance of the composite. It is noted that the 
impedance at resonant and anti-resonant frequency could directly reflect the dielectric loss in 
the sample. A clearer resonant vibration at a fixed voltage input can be reflected in a reduced 




loss in the samples. Thus, for multi-layer sample, the extra Metglas and the epoxy between 
each layer can lead higher losses. Therefore, in the following experiment, a PE/MS composite 
with 1 layer of Metglas on each side of the piezoelectric crystal is used. 
 
Figure 6.10 Impedance spectra of the PE/PM composite with different number of PM layers. 
 
6.3.5 Theoretical Change of Electrical Impedance in the Composite  
Based on equation (6.20), it can be noted that the magnetic field can be determined by 





× 100%. Figure 6.10 shows the calculated keff as a function of 
magnetic field for both d36 mode and d32 mode PE/MS composites. Clearly, keff changes in line 
with changes in the elastic compliance of the Metglas foil in magnetic field, which can be well 




explained by equation 1. When the magnetic field is 6 Oe, the maximum changes of keff at 20% 
and ~4% are obtained for the d36 mode composite and d32 mode composite, respectively. The 
enhancement of the change in keff for the d36 mode composite can reach up to 400%. 
 
Figure 6.11 Predicted keff of PE/PM composite with increasing magnetic field for d36 mode and 
d32 mode. 
 
6.3.6 Measured Change in Electrical Impedance 
The magnetic field sensing results are shown in Figure 6.12. At the resonant frequency, 
the electrical impedance change increases by 12% for the d36 mode PMN-PT/Metglas 
composite at 6.4 Oe, and 2% for the d32 mode PMN-PT/Metglas composite at 5.6 Oe, which 
agrees well with the maximum change in keff with magnetic field. Clearly, the voltage signal 
from the impedance analyser passes through the composite, leading to a resonant vibration 




along the diagonal axis of the two large surfaces of PMN-PT. When the magnetic field is 
applied, the ΔE effect in the Metglas layer will change the keff value of the composite, leading 
to a change in its electrical impedance. For the d36 mode composite operating at the resonant 
frequency, the high mechanical and dielectric loss can change the vibration characteristics of 
the composite. However, these losses have not been considered in the calculation. As a result, 
the measured electrical impedance change is different to the calculated result. At the anti-
resonant frequency, the electrical impedance difference is found to be 23% for the d36 mode 
composite and 3.5% for the d32 mode composite, which are very close to the calculated values. 
The calculated and measured electrical impedance changes for both types of composite are 
summarized in Table 6.1.  
Table 6.1 The electrical impedance difference at the resonant frequency and anti-resonant 
frequency. 
 
Calculated difference at 
resonant and anti-
resonant frequency (%) 
Measured difference 
at the resonant 
frequency (%) 
Measured difference 
at the anti-resonant 
frequency (%) 
36 mode 20% 12% 23% 
32 mode 3.6% 2% 3.5% 






Figure 6.12 (a) The electrical impedance as a function of the magnetic field for d36 and d32 
modes composite (a) at the resonant frequencies (b) at the anti-resonant frequencies. 
 




6.3.7 Sensitivity of the Composite Sensor 
In this section, the sensitivity is experimentally measured. Figure 6.13 gives the relative 
change of electrical impedance (%) depends on magnetic field. The black points represent the 
change ratio calculated from the measurements of electrical impedance. The red line is the 
theoretical line. From the figure, those black points generally follow the red line, which 
indicated a valid tendency between the magnetic field and the electrical impedance. Noted that, 
the magnetic field can be measured by measuring the electrical impedance. Some minor 
disagreement can be attributed to the measuring error. It can be noted that when at the magnetic 
field Hdc <0.1 Oe, the change in electrical impedance can still be observed. However, because 
the changes in electrical impedance are small, the changes may be considered as data 
fluctuation. Thus, in this section, the sensitivity for the sensing element is considered to be 0.1 
Oe. It can be assumed by improving the measuring method and improve the electrical 
impedance change ratio at lower level of magnetic field, the sensitivity can be improved. 





Figure 6.13 Detection limit of the d36 mode PE/PM composite sensor. 
 
6.3.8 Sensing and Imaging of the Magnet Target 
Description of the 2-D sensing array 
Figure 6.14 display the schematic view and a photograph of the proposed 2-D sensing 
array. A group of conducting wires are bonded on the top of rows of the sensing elements and 
another group of wires are boned on bottom surface of columns of the sensing elements using 
conducting epoxy to detect the x and y donations to maximum signal output. The dimension of 
each PE/PM sensing element is 3 ×3 ×~0.6 mm, in order to give good resolution for the imaging. 
A long bar-shaped rare-earth permanent magnet with dimensions of 10 mm×10 mm×300 mm 
is fixed by a plastic holder. The magnet is utilized as a source to generate the DC magnetic 
field for the magnetic field imaging testing. The magnet is placed above the array so that the 




magnetic field passes through the array. The plastic holder can adjust the height of the target 
magnet and its orientation. The electrical impedance of each sensing element in the array is 
measured before the magnetic field is applied. The values of electrical impedance are recorded 
based on the position of the sensing element and build a 2-D reference data space. When the 
target magnet is placed in the sensing area, the electrical impedance from each sensing element 
was placed in a second 2-D data space. Positioning of the magnet target can be performed by 
monitoring the change in the electrical impedance of each sensing element before and after 
applying the magnetic field. 
 
Figure 6.14 Schematic view and photograph of the composite sensing element and the 2-D 
sensing array. 
 
To test the imaging and sensing properties of the composite array, experiments were 
performed to sense the magnet target at different distances and orientated angles. Figure 6.15 




illustrate sensing result. When the magnet targe was placed at z= 6 cm and z= 7 cm, the 
magnetic field was measured to be 0.5 Oe (5×10-5 T) and 1 Oe (1×10-4 T). To test the magnetic 
field imaging capability with different orientation angles, the orientation angle between the y-
dimension of the magnet ym and the y-dimension of the array y was selected to be 0⁰, 45⁰ and 
90⁰. Figure. 6.15 displays the sensing result for the 9 × 9 sensing array with the magnet target 
placed at the position of (32, 32, 60) and (32, 32, 70). The blue wireframe indicates the shape 
and orientation of the magnet target. Each of the coloured squares represents the measured 
electrical impedance difference for the composite element. The dark coloured squares in the 
image indicate a small difference in the measured electrical impedance, while the white squares 
indicate a large electrical impedance difference. A comparison of the colour difference of each 
the sensing units, matches the blue line frame outlining the shape and orientation of the magnet 
target. 
 
Figure 6.15 Image of the magnet target placed at the position of (32, 32, 60) and (32, 32, 70) 
with different orientations. 





In this chapter, we introduced a 1-D and a 2-D magnetic sensing array for DC magnetic 
target sensing and positioning. The 1-D sensor array is based on the direct ME effect of the d36 
mode ME composite. The sensing array was able to sense the position of a weak magnetic field 
of 2×10-6 Oe, which demonstrated its great potential for ultra-weak magnetic field sensing 
applications such as biomagnetic signal sensing and positioning. The 2-D sensing array based 
on the ΔE effect in d36 mode PMN-PT/Metglas composite was introduced. The impedance 
change and the sensing performance was both theoretically and experimentally investigated. 
The KLM model was utilized to investigate the electrical impedance change due to the ΔE 
effect in the PMN-PT/Metglas composite. A 2-D magnetic field sensor array for magnetic field 
sensing and imaging was designed and fabricated, using 36-face shear mode PMN-PT/Metglas 
composite. The shape and orientations of the magnet target were successfully mapped by the 
2-D magnetic field sensor array. The experimental results indicate a promising application for 








Chapter 7  
Conclusions and Future Works 
7.1 Conclusions 
In this dissertation, the giant ME effect in the ME composite has been theoretically and 
experimentally investigated. We proposed two methods to acquire a giant ME effect: (1) 
Combining the magnetostriction in the PM phase and the magnetic torque. (2) Utilising the 
outstanding piezoelectric property in some piezoelectric single crystals e.g. PMN-PT, 
combined with a high permeability material. The potential application in magnetic energy 
harvesting and weak magnetic field sensing was systematically studied.  
In chapter three, we systematically designed, optimized and both theoretically and 
experimentally studied a magnetic energy harvester using a PZT/Ni ME cantilevered composite. 
The PZT/Ni ME cantilevered composite were designed and optimise using numerical method. 
The stress in the cantilever beam and frequency response were studied by using finite element 
analysis. The ME coupling effect at both resonant and anti-resonant frequency theoretically 
studied based on the constitutive equation of piezoelectric effect are. The voltage-frequency 
response curve was both investigated using numerical and finite element analysis and 
experimentally proved. The characteristics of the proposed PZT-5H/Ni-NdFeB magnetic 
energy harvester agree well with the theoretical calculation. The efficiency of the designed 
method has been proved. Meanwhile, in the experiment part, a giant ME effect with the αME 
~220V/cm·Oe was exhibited at the resonant frequency, with an outstanding power density of 
4.6 mW/cm3 are experimentally obtained at the magnetic field of 2 Oe, 50Hz. The proposed 
PZT-5H/Ni-NdFeB magnetic energy harvester shows the capability to turn on 100 LEDs and 
a commercial wireless sensor. However, a limitation for this magnetic energy harvester is the 




narrow bandwidth. The device can only reach it maximum efficiency at 50 Hz. For the 
frequency of 60 Hz, it shows very little efficiency. 
In chapter four, we experimentally investigate a nonlinear magnetic energy harvester 
to expand the operating bandwidth. A large operating bandwidth of 10 Hz is achieved by using 
a nonlinear cantilevered PZT-5H/Ni ME composite. To investigate the impact of the 
mechanical stopper, different position of the mechanical stopper has been used. It is been 
founded that the position of the mechanical stopper can significant impact the voltage-
frequency response curve in both the operating bandwidth region and the amplitude of the 
output voltage, due to the strong stiffness hardening nonlinearity. When the mechanical stopper 
is placed appropriate, the maximum αME exhibited was ~ 200 V/cm·Oe is achieved, and a large 
bandwidth region from 50 Hz to 60 Hz is obtained. Following, the power output is 
characterized by using different resistance load, finding the maximum power of 0.8 mW at 8 
kΩ. Compared with the 220 kΩ in the linear magnetic energy harvester, the nonlinear magnetic 
energy harvester is an idea candidate for small load condition applications. The advantage of 
the nonlinear magnetic energy harvester can be summarised as follow: (1) Wild operating 
bandwidth. Even the forward and reverse sweeps can lead to some difference due to the 
hardening-type nonlinearity, the combined operating bandwidth is still significantly larger than 
for the linear one. (2) The nonlinear magnetic energy harvester can operate with a larger tip 
vibration amplitude than the linear magnetic energy harvester, thus it can give a higher ME 
performance at small resistance load condition. (3) The nonlinear magnetic energy harvester 
shows a high-power efficiency at a small load condition, which demonstrates great potential in 
applications where resistance of the load is small. 
In chapter five, we propose to achieve high ME coupling effect via utilizing the 
outstanding piezoelectric property in the face-shear mode PMN-PT single crystal. The d36 
mode PMN-PT based ME composite was fabricated, and a giant ME coupling coefficient αME 




of 1600 V/cm·Oe in a d36 mode PMN-PT/Metglas ME composite at the anti-resonant frequency, 
and the αME ~27 V/cm·Oe is achieved in a d36 mode PMN-PT/ Terfenol-D ME composite. The 
relatively low αME in the Terfenol-D ME composite is attributed to the low d
m
33 in the Terfenol-
D alloy. Meanwhile, a high sensitivity magnetic field sensor is proposed using the d36 mode 
PMN-PT/Metglas ME composite. The theoretical sensitivity to a magnetic field is calculated 
by determine the EMND of the system, which is found to be 0.1 pT/Hz1/2. The EMND of the 
proposed sensor is much lower than reported low loss magnetic field sensor (0.5 pT/ Hz1/2). An 
ultra-high sensitivity of 2 pT is experimentally achieved, while the sensitivity to DC magnetic 
field is found to be 0.1 nT.  
In chapter six, we proposed a 1-D and a 2-D magnetic sensing array for DC magnetic 
target sensing and positioning based on the d36 mode ME sensor. The 1-D magnetic field 
sensing array is based on the magneto-mechano-electric coupling effect. The good anisotropic 
property of the d36 mode PMN-PT/Metglas ME composite allows the sensing array to 
reposition the magnet target. A high sensitivity up to 2×10-6 Oe is experimentally achieved in 
the 1-D sensing array. This result demonstrates a great potential for ultra-weak magnetic field 
sensing application. Meanwhile, a new sensing method based on the ΔE effect is first studied. 
The ΔE effect in the Metglas is measured, and the ΔE effect led electric impedance change has 
been both theatrically predicted and experimentally proved. Compared to traditional magneto-
mechano-electric coupling type ME sensor, the new method allows the sensor to detect weak 
magnetic field up to 0.1 Oe without bulky AC/DC excitation coils. This property shows a 
significant advantage when the sensors are integrated into a 2-D sensing array. In addition, a 
2-D sensing array based on the magnetic field led electrical impedance change of the d36 mode 
PMN-PT/Metglas is fabricated. The feasibility and sensing capability of the proposed 2-D 
sensing array are experimentally tested. 
 




7.2 Further Works 
Further work includes developing these techniques into microelectromechanical 
systems (MEMS), where the linear and nonlinear ME effects are increased, and the geometric 
parameters can significantly affect the resonant frequency and operating bandwidth of the 
system. Out of the scope of this dissertation, a MEMS based energy harvester was used for a 
higher frequency range, but it also showed a potential for the low frequency range. Also, not a 
lot of work has been done to reduce to the EMND of the ME composite at off the resonant 
frequency. To acquire a higher detect limit for the passive mode PE/MS composite, the ΔE 
effect can be further improve by using different magnetostriction materials. Even though there 
is still some time before these technologies can become prevalent in daily life, it is valuable to 
further develop ME technology for a renewable energy application and wearable device for 
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